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Rainfed lowland rice is the dominant food crop in the low-input agricultural systems of 
Cambodia. The main production area is characterized by sandy soils with low contents in 
nitrogen, phosphorus and organic matter, as well as low cation exchange capacity. The use 
efficiency of applied nutrients is reportedly very low, and the outcome of nutrient application 
strategies is highly variable. This study assesses the potential of organic manures to replace 
mineral N fertilizers in rainfed lowland rice-based production systems on sandy soils of 
Cambodia. It comprised field experiments and surveys. Four field experiments were conducted 
between 2013 and 2014 and differed by district and soil type (shallow vs. deep). Treatments 
compared the recommended rates of applied mineral N, with farmyard manure and mungbean 
(Vigna radiate) used as a pre-rice leguminous green manure. Legume treatments were further 
varied including with or without P application to the green manure and different residue 
management strategies (all residues returned, only grain harvested, all residues removed). The 
survey investigated farmers’ perceptions regarding potentials and constraints to leguminous 
green manure adoption (here mungbean). The analysis of all manure-amended plots (farmyard 
and green manure combined) showed that organic manure could replace approximately 50% of 
the mineral N recommended for sandy soils. In addition, the use of organic amendments 
entailed significant increases in residual soil C and N after only one cropping cycle, suggesting 
that soil fertility may be enhanced in the long-term. In the case of mungbean green manure, the 
N2 fixation measured by the 15N natural abundance varied from 9 to 78 kg N ha-1 (average of 36 
kg N ha-1). Highest N2 fixation was associated with low rainfall intensity during legume 
establishment and the absence of soil flooding during the pre-rice period. Only on deep sandy 
soils, the addition of 10 kg P ha-1 to mungbean was able to more than double the amount of N2 
fixation compared to the legume without P amendment. The incorporation of P-amended 
legume residues (total biomass or after grain harvest) produced in both soil types rice grain 
yields that were comparable those obtained with the recommended mineral N application rate. 
Similarly, farmyard manure applied at 60 kg N ha-1 produced a rice yield comparable to mineral 
fertilizer N, however only in the deep soils. The study of farmers’ perception and adoption of 
organic amendments highlights that the use of farmyard manure is widespread but that its 
efficiency to replace mineral N is highly soil-specific. However, the availability of farmyard 
manure will be increasingly constrained by declining cattle numbers. While the adoption of 
legume green manures is potentially high, their actual use is constrained by soil P availability 
and limited to sites without soil flooding during the pre-rice niche and to systems with sufficient 
labor availability of biomass incorporation. While organic amendments have the potential to 
replace mineral fertilizers, such options and use strategies are highly site- and system specific.  
 
Keywords: rainfed lowland rice, green manure, farmyard manure, phosphorus, biological 
nitrogen fixation  
  
Potenzial organischer Dünger in Reisanbausystemen auf sandigen Böden im Tiefland von 
Kambodscha 
KURZFASSUNG 
Regengespeister Nass-Reis ist das vorherrschende angebaute Nahrungsmittel in extensiven 
Agrarsystemen von Kambodscha. Die überwiegenden Teile des Anbaugebiets sind durch sandige 
Böden mit geringen Gehalten an Stickstoffgehalt, Phosphor, und organischer Substanz sowie 
niedriger Kationenaustauschkapazität geprägt. Auch die Nutzungseffizienz extern über 
mineralische oder organische Düngung zugeführter Nährstoffe ist in der Regel sehr gering und 
oft extrem variabel. Die vorliegende Studie untersucht das Potenzial der Anwendung 
organischer Dünger zu Nass-Reis im Regenfeldbau auf sandigen Böden in Kambodscha im 
Hinblick auf den Ersatz der kaum verfügbaren mineralischen N Dünger. Vier Feldexperimente 
wurden zwischen 2013 und 2014 durchgeführt. Sie unterschieden sich durch die Lage (Bezirk 
und Bodentyp – flachgründig vs. tiefgründig), die empfohlene Rate von mineralischem N und die 
Integrationen von Leguminosen in das Anbausystem (P-Anwendung zu Reis oder der 
Leguminose, Rückführung der Ernterückstände). Ferner wurde die Akzeptanz, Einschränkung 
und die Wahrnehmung von Bauern gegenüber Leguminosen als Gründünger im Vergleich zu 
Stallmist und Mineraldünger untersucht. 
Die organische Düngung vermochte im Mittel etwa 50% der empfohlene Mineral-N-Dünger-
gabe für sandige Böden zu ersetzen und gleichzeitig die Gehalte der Böden an organischem C 
und N bereits nach einem Anbauzyklus signifikant zu erhöhen, was eine Verbesserung der 
Bodenfruchtbarkeit bei längerfristigen Anwendung vermuten lässt. Im Falle von Gründünger 
(hier Mungbohne) variierte die N2-Bindung, die mit Hilfe der natürlichen Abundanz-Methode ( 
15N’) gemessen wurde, zwischen 9 und 78 kg N ha-1 (durchschnittlich 36 kg N ha-1). Hohe Werte 
der N2-Bindung durch die Leguminosen waren mit geringem Niederschlag während der 
Vorfruchtperiode assoziiert, was darauf hinweist, dass die N2-Bindung von der Bodenhydrologie 
(hier temporärer Wasserüberstau) beeinfluss wird. Auf tiefgründigen Böden führte die Zugabe 
von 10 kg P ha-1 zu Mungbohne zu einer Verdoppelung der N2-Bindung verglichen zum Anbau 
ohne P- Zufuhr. Die Einarbeitung von Ernterückständen der Mungbohne erzielte in beiden 
Bodentypen vergleichbare Reiserträge wie bei empfohlener mineralischer N-Zufuhr. Eine 
Stallmistgabe, äquivalent zu 60 kg N ha-1, erzielte ebenfalls einen Reisertrag vergleichbar dem 
einer empfohlenen Mineral-N-Düngung auf tiefgründigen, jedoch nicht auf flachgründigen 
Böden.  
Die Akzeptanzstudie vermochte zu zeigen, dass die Nutzung von Stallmist in der Region weit 
verbreitet ist und mineralischen Dünger in Abhängigkeit des Bodentyps effizient zu ersetzen 
vermag. Allerdings ist die Verfügbarkeit von Mist durch sinkende Viehbestände in der Region 
zunehmend limitiert. Die Akzeptanz von Leguminosen zur Gründüngung im Regenfeld-
Reisanbau ist potentiell hoch, allerdings unter den Voraussetzungen, dass hinreichend 
verfügbares P vorhanden ist, dass die Flächen während der Zwischenfrucht- Anbauperiode nicht 
überflutet sind, und dass Arbeitskräfte für die Einarbeitung der Biomasse zur Verfügung stehen. 
Ich kann gefolgert werden, dass Lösungsansätze und Technologie-Optionen zur organischen 
Düngung Standort- und System-spezifisch erfolgen müssen.  
Schlüsselwörter: Nass-Reis, Gründünger, Stallmist, Phosphor, biologische Stickstoffbindung
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1 GENERAL INTRODUCTION 
1.1 Background and problem statements  
Nutrient-deficient and highly weathered soils are common in most parts of the tropics (Feller 
and Beare 1997), where combined nitrogen (N) and phosphorus (P) deficiencies are a 
widespread problem on tropical soils (Smithson and Giller 2002). Mineral fertilizers are 
generally not affordable by subsistence-oriented farmers, leading to widespread nutrient 
deficiency in small-holder crop production systems (Glaser et al. 2002). Against this 
background, nutrient cycling from soil organic matter is a promising way to restore soil fertility 
(Tiessen et al. 1994). Therefore, organic amendments play a crucial role in both short-term 
nutrient supply and long-term build-up of organic matter (SOM) and soil quality improvement 
for small-scale farmers in tropical regions (Giller et al. 2006b; Palm et al. 2001a; Palm et al. 
2001b).  
Rice production occupies 154 million ha worldwide of which rainfed lowland rice 
covers 34% or approximately 54 million ha (Maclean et al. 2002). Lowland rice accounts for 
>70% of the global rice production (Fageria and Santos 2015). Lowland rice-growing areas are 
mainly found in South and Southeast Asia (Wade et al. 1999b) where rice is the main staple 
food (Maclean et al. 2002). Rainfed rice production is mainly constrained by irregular water 
supply (droughts and floods), low soil fertility, pests and weeds (Datta 1981; Maclean et al. 
2002). Fertilizers are generally only applied in small doses due to the economic constraints 
among small-scale farmers. The large diversity between diverse rainfed environments, but 
also within confined areas and even within the same field, cause a large variability in 
hydrology and soil fertility situations (Wade et al. 1999b).  
Long-term experiments in India and The Philippines showed a decline in soil N 
availability in lowland rice systems. The main causes are drying and flooding cycles that 
enhance gaseous N losses, little return of organic matter through crop residues, and a general 
absence of the use of symbiotic N2-fixing systems under intensified cropping. As N is the main 
limiting nutrient for rice production, it must be either supplied by the soil or added in the 
form of mineral or organic N fertilizers (Kundu and Ladha 1999). However, a relatively low 
response of the rainfed rice to added mineral fertilizers is commonly reported and generally 
widespread. Additionally, this response is highly variable, inconsistent across various studies 
(Boling et al. 2004) and often unreliable (Wade et al. 1999a; Willett 1995), suggesting a need 
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for flexible and condition-specifically adapted management strategies (Haefele et al. 2006). 
Previous findings show the potential of organic amendments. Thus, a study by Haefele et al. 
(2006) reported improved response and use efficiency of rice when organic fertilizers were 
applied to sandy soils in rainfed environments. Site-specific organic amendments have been 
shown to enhance rice yields, to substitute for inorganic fertilizers (Bi et al. 2009), and to 
sustain soil productivity by building soil organic matter (Yan et al. 2007). Therefore, the 
systems’ internal resources, particularly locally available organic materials such as farmyard 
manure (FYM) and N supplied from biological N2 fixation (BNF), need to be more widely 
exploited. 
Since the mid-1980s, a frequently advocated strategy has been the use of both post-
rice and pre-rice leguminous green manures. Besides adding substantial amounts of 
biologically-fixed N, maintaining soil-N content and generally improving soil physical, 
chemical and biological properties, green manuring has been shown in around 270 studies to 
substantially increase paddy rice yields. Kundu and Ladha (1999) showed that the N balance 
resulting from BNF was as high as 19-38 kg N ha-1, 28-33 N ha-1 and 30-52 kg N ha-1 in lowland 
rice-based systems of Japan, Thailand and The Philippines, respectively. Experiments 
conducted at the International Rice Research Institute (IRRI) showed that BNF from the 
legume species Sesbania (river hemp) and Azolla (an aquatic fern) was much higher than in 
urea-amended treatments (Kundu and Ladha 1999). Azolla provided N inputs from 70-110 kg 
ha-1, while Sesbania sp. fixed 55-90 kg ha-1 N (Ventura and Watanabe 1993). The use of 
Sesbania and mungbean (Vigna radiata) as green manure for rice-wheat cropping systems 
increased the rice yield up to 0.4 t and 0.3 t ha-1, respectively (Sharma et al. 1995). There is 
considerable evidence that green manure stands as a good candidate for soil fertility 
improvement. Becker et al. (1990) revealed that legume species such as Sesbania rostrata 
and Aeschynomene afraspera performed well as fertilizers for lowland rice because of their 
ability to fix N2 and yield high biomass, resulting in a significant rice yield increase. Soybean 
(Glycine max) also shows a high N contribution from BNF (up to 70% Ndfa), compared to 
Phaseolus beans (23% Ndfa) at flowering (George et al. 1992). The N accumulation by rice was 
higher following a soybean crop than after non-nodulating groundnut or maize. Soybean also 
increased the rice dry matter compared to maize as a pre-rice crop  (Schulz et al. 1999).  
Despite these positive reports, the adoption of green manure technologies remains 
low and is even declining in many parts of Asia (Ladha and Garrity 1994). Numerous factors 
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have been advanced to explain farmers’ reluctance to adopt green manures. The lack of an 
available time window for a green manure to occupy the field, the lack of appropriate seeds, 
labor constraints for green manure application, and the absence of immediate economic 
benefits from a green manure measure are the main culprits for the decline in green manure 
use. Apart from green manure, manure from livestock is considered as an important 
component for sustainable crop production because of its N, P and potassium (K) content 
(Mishima et al. 2012). The positive effect of organic manure on rice crops was attributed to 
the increase in soil-organic carbon and soil nutrient supplies over a long-term period (Bi et al. 
2009; Meng et al. 2005). Bi et al. (2009) further reported that organic manure could substitute 
30-70% of the mineral-N fertilizers used for rice production in China.  
In summary, both leguminous green manures and farmyard manure are promising 
potential sources of C and N for lowland rice–based systems. However, adoption at farm-level 
is often constrained by various factors that need to be site-specifically addressed. This had so 
far not be done for the case of rainfed rice in Cambodia. 
Rainfed lowland rice is the dominant food crop in the low-input agricultural systems 
of Cambodia. The main production area is characterized by highly weathered sandy soils with 
low N and organic matter contents (Seng et al. 2001). General low soil fertility, and particularly 
extremely low soil-available P content (White et al. 1997) severely limit rice growth (Seng et 
al. 2004a). These soils have a low specific surface area with low activity material dominating 
the clay fraction, resulting in a low cation exchange capacity (CEC) and concomitantly poor 
nutrient and water holding capacities. Arguably, if these unfavorable soil traits could be 
ameliorated, fertilizer and water use efficiencies could be improved, which in turn would 
contribute to increase rainfed rice yields in Cambodia  (Pheav et al. 2005).  
The sandy soils in the rainfed lowland area of Cambodia are differentiated into two 
main categories, i.e. the Prey Khmer (deep sand) and the Prateah Lang (shallow sand fraction 
overlaying a loam/clay subsoil). The use efficiency of applied nutrients is reportedly very low 
and the outcome of nutrient application strategies is highly variable (Bell et al. 2006). In 
addition to unfavourable soil attributes, the reported high variability in rice yields is also 
influenced by environmental stress, i.e. unreliable rainfall. Mineral fertilizers are also not 
affordable by many small-scale farmers in Cambodia. The farmers are therefore concerned 
with the low economic return from mineral fertilizer application (Ros et al. 1997). 
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Locally-available organic manures to address soil fertility constraints are gaining 
importance, particularly in areas with high cost and/or low availability of mineral fertilizers. 
Such organic materials may comprise crop residues, i.e. rice straw and stubble farmyard 
manure, and green manures either from leaf litter from adjacent areas or from leguminous 
crops in rotation with rice. In a few cases, compost use is frequently promoted by NGOs, 
however this option is limited to a few skilled farmers with a high labor availability (pers. 
observation in Tram Kak district).  
Among diverse organic materials, FYM is the organic source most commonly utilized 
by small-scale farmers. This is due to the fact that cattle is primarily used for draught power 
(Serey et al. 2014), and thus also provides manure for crop production as an additional 
benefit. Ly et al. (2012) reported that FYM was one of the factors determining rice yields in 
Southern Cambodia. However, the number of cattle varied from farmer to farmer and 
location to location, resulting diverse availability. For instance, Ly et al. (2012) and Serey et al. 
(2014) reported that farmers own 2 to 3 heads per household, while Pen et al. (2009) reported 
4 to 5 per household. As the availability of FYM is very limited, application is generally 
prioritized to plots near to the homesteads (Ly et al. 2012). For the small-scale farmers who 
own few or no cattle, availing of sufficient amounts of FYM is a key challenge. Often 
application rates are too low to satisfy the nutrient demand of rice for more than low to 
moderate yields (Kho 2000). Furthermore, it was reported that there was a decline in small-
scale cattle raising in Cambodia by 11% (MAFF 2015). Therefore, there is a need to explore 
alternative options that are site- and system-specific rather than to rely solely on FYM. 
Another option is to explore the contribution of additional N from biological fixation by short-
duration legumes as green manure. Green manure (particularly from grain legumes) has been 
reported as a more promising option to address the soil fertility constraints and to contribute 
to yield increases. Seeds are available and can be broadcasted at the onset of the rains, and 
the biomass (after harvesting green pods) can be incorporated directly into the soil during 
land preparation. Benefits of such measures comprise soil fertility management (Wortmann 
et al. 2000), building of soil organic matter (Toomsan et al. 2000), substitution of mineral 
fertilizer, and potential savings of native soil N (George et al. 1992).  
However, the adoption of green manure is also tied to the multi-purpose character 
of a crop, and the sole use as green manure will not be acceptable in most situations. Forage 
legumes are of little interest in Cambodia due to the low number of heads of cattle per 
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household. Thus, only potential grain legumes are seen fit to be used in the rainfed systems 
on the sandy soils there. Non-grain, forage legumes and woody multipurpose plants are thus 
not of interest. Soil texture also needs to be taken into account when introducing green 
manure in the system. Ladha and Garrity (1994) compared the effect of green manure and 
mineral N. When the sand content increased, the N use efficiency decreased. However, the 
N-use efficiency of legume N was higher than that of urea N under sandy soils. This finding 
indicates that it could be of interest to include legumes in the rice cropping system in 
Cambodia, where sandy soils are predominant. 
Several fast-growing grain legumes may fit during the fallow period between two 
rice crops. Here, mungbean is the most promising species (Kundu and Ladha 1999). It has a 
growth duration from seed to seed of <70 days, and can thus easily fit into the pre-rice niche 
of rainfed environments. This legume can be grown with the onset of the first rain in April (or 
May in a few cases), and possibly harvested for grain, and/or incorporated as green manure 
in the process of land preparation prior to rice cultivation. Sharma et al. (1995) found that 
mungbean residue incorporation had positive effects similar to those of Sesbania on grain 
and straw yield, which were more pronounced than those of pre-rice fallow. Mandal et al. 
(2003) showed that mungbean also improved soil organic matter resulting in better soil 
aggregation, reduced bulk density and better water flow. Senarane and Ratnasinghe (1993) 
reported that some grain legumes, including mungbean, have a potential as biofertilizer for 
rice and could be well-adapted to rainfed lowland rice. Consequently, mungbean could be 
suitable for use as a green manure crop in Cambodia. However, being an upland legume, 
mungbean will not tolerate prolonged periods of anoxic soil conditions and flooding may well 
become a key production constraint for mungbean growth during the pre-rice niche, in years 
when the rains start early. Furthermore, a deficiency of soil-available P will restrict legume 
BNF. This was evident by the response of legumes to P application as reported by 
Gunawardena et al. (1992) and Hayat et al. (2008). Thus, the low soil-available P in the sandy 
soils in Cambodia (Seng et al. 2001) may entail low N2 fixation by legume crops. Conversely, if 
P is applied to the legume instead of to rice, the enhanced BNF by the legume may stimulate 





1.2 Hypothesis, goals and objectives 
Reportedly, N and P deficiencies are widespread constraints in rainfed lowland rice 
production systems of Cambodia, whereby N is the most limiting nutrient element for rice.  
Mineral fertilizer sources are often unaffordable to small-scale producers  (Blair and Blair 
2014; Morris et al. 1986). In addition, the efficiency and profitability of the recommended 
application rates is highly variable and often low (Seng et al. 2001). There is a need for 
differentiated, system-specific adapted solutions using locally available organic materials. 
 Besides serving as draught power, cattle provide manure as an organic source (Serey 
et al. 2014). Farmyard manure is widely used, but the number of farm animals increasingly 
limits FYM availability in Cambodia. Since the time span between the onset of the first rains 
and the transplanting of wet-season rice ranges from 50-75 days, it appears possible to 
include a short-duration legume in the pre-rice niche. Such niches where green manures can 
be competitive with mineral fertilizer application have been defined and are reportedly 
characterized by (1) rainfed conditions (low N-use efficiency of mineral N sources due to 
alternate drying and wetting cycles), (2) sandy soils (high mineral N losses, mainly by nitrate 
leaching) and (3) a sufficient supply of P (usually >5ppm available P required for legume BNF) 
(Becker et al., 1994;  Carsky et al. 1998). In addition, the use of green manures with multiple 
uses (feed stuff and grain in addition to fertility improvement) has been shown to enhance 
adoption rates. Such conditions (rainfed agriculture combined with sandy soils) prevail in 
Cambodia (provided that P can be supplemented), making the country an ideal candidate for 
future green manure use in rice. 
 It is hypothesized that green manuring with a short-cycled grain legume (mungbean) 
during the pre-rice niche may be a suitable technology to address the prevailing soil fertility 
constraints and to enhance rice productivity, provided that P is available. The main goal of the 
study is to assess the potential and the adoptability of green and other organic manures in 
combination with P-fertilizer strategies on different sandy soils of Cambodia. The following 
objectives will be addressed: 
 Assess mineral N fertilizer equivalence of organic manures in rainfed lowland rice 
systems.  
 Assess P-application strategies on performance and biological N2 fixation of mungbean 
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 Assess rice yield response to different mineral and organic fertilizer management 
options  
 Assess adoption, constraints and farmers’ perceptions of leguminous green manure. 
 
1.3 Thesis outline  
This thesis consists of seven chapters. The first chapter elaborates the research background 
and reviews relevant aspects of rainfed rice and the use of organic amendments. Chapter 2 
provides an overview of the general methodology applied in this study. Chapter 3 assesses 
the possibility of mungbean residues and farmyard manure as alternatives to mineral 
fertilizer. Chapter 4 investigates the effect of P-application strategies on the performance and 
biological N2 fixation of mungbean as a green manure. Chapter 5 compares the rice yield 
response to different fertilizer management options. Chapter 6 assesses adoption, constraints 
and farmers’ perceptions of leguminous green manure. Finally, Chapter 7 presents the 
general discussion, conclusions and research outlook.
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2 GENERAL METHODOLOGY 
2.1 Study region 
Cambodia covers an area of 181.035 km2 and borders on Thailand, Lao and Vietnam. In the 
main rice-growing Takeo province in southern Cambodia, the districts Tram Kak (90 km from 
the capital city Phnom Penh) and Prey Kabas (65 km from Phnom Penh) were selected for this 
study. Sandy soils, which are the most common soil types for rice production in Cambodia, 
dominate in these districts.  
According to the Köppen-Geiger classification (Peel et al. 2007), the climate in the 
study areas belongs to the Tropical Rainforest type (Af) and is characterized by one distinct 
wet season between May and October and a dry season between November and April. Annual 
rainfall ranges from 1, 250 to 1,750 mm (White et al. 1997) with highest precipitation 
occurring in October. The temperatures vary from 21°C in November-January to 35°C in April-
May.  
 
Table 2.1 Selected biophysical and socio-economic attributes of the study districts in 
Cambodia 
Parameter  Districts 
Tram Kak Prey Kabas 
Total land area 
Cultivated area 
Area under wet-season rainfed rice (%) 
 54,694 ha 
35,677 ha 
32,322 ha (86) 
26,910 ha 
20,737 ha 
10,419 ha (88) 
Population 
Total number of families 
Number of families engaged in agriculture (%) 








19, 179 (92) 
Source: National Committee for Sub-National Democratic Development (NCDD): Prey Kabas and Tram Kak 
districts data book of Takeo province, Cambodia 2009. Data of year 2008.  
  
Most lowland areas in the study districts are under paddy rice cultivation. One single 
crop of wet-season rice is mostly cultivated, but two crops per year are also possible in some 
parts. Most of the fields are left to bare fallow during the dry season, while crops may be 
grown during the short dry-to-wet season transition period in the pre-rice niche before the 
onset of the main rainy season, or in the post-rice niche using the residual soil moisture after 
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the rice harvest. Such crops comprise vegetables (e.g. cucumber, radish, mustard, etc.), 
mungbean, soybean, maize and groundnut. In both study districts, the most common 
diversification option in the rice cultivation systems is mungbean, both during the early wet 
season (pre-rice niche) as well as in the early dry season (post-rice niche) provided that 
irrigation is available. Fields and farmers were selected in the Tram Kak and Prey Kabas 
districts (Figure 1), which represent the dominant rice cropping areas. Selected physical and 
chemical properties of the experimental soils are provided in Table 2.9. 
   
2.2 Soil groups  
The Cambodian Agronomic Soil Classification (CASC) system differentiates 11 soil groups for 
rice production. Most common among those are the groups Prey Khmer (PK) and the Prateah 
Lang (PL), which occupy 39% of the total rice-growing area (Bell and Seng 2003) and represent 
generally phosphorus-(P)-deficient soils with a sandy surface horizon. The main difference 
between the two soil groups is the thickness of the topsoil and the texture of the subsoil. 
While the Prateah Lang group has a shallow sandy topsoil of 10-25 cm overlaying a loamy clay 
subsoil, the Prey Khmer has a deep sandy topsoil of 40-100 cm overlaying a sandy subsoil (Bell 
and Seng 2003).  Both soil groups have been formed on pleistocene alluvial/colluvial and 
lacustrine sediments that have developed by the weathering of mesozoic sandstone parent 
material (White et al. 1997).  The deep sandy Prey Khmer group occupies 10-12% and the 
shallow Prateah Lang group 25-30% of the total lowland rice growing area (White et al. 2000; 
White et al. 1997). Both soils are classified as Fluvisol (some also as Luvisols, Acrisols or 
Planosols, White et al. 1997) according to the World Reference Base (FAO, 1996). According 
to USDA, deep sandy soils are classified as Entisol or Ultisol, while the shallow Prateah Lang 
soil is classified as Alfisol. 
 
2.3 Field experiments 
2.3.1 Experimental sites 
A total of four field experiments was conducted in farmers´ fields in 2013 and 2014. Their 





Figure 2.1 Locations of the experimental sites in Cambodia 
 
2.3.2 Experimental design and treatment application 
The four field experiments differed by site (district) and soil type (shallow vs. deep), and 
treatments compared the soil-specific recommended rates of applied mineral N with 
farmyard manure (FYM) and pre-rice mungbean green manure, whereby the mungbean grew 
either with or without added P, and crop residues were either all retained (green manure 
legume use), grains were harvested (grain legume use) or all residues were removed (forage 
legume use) application, residue management). All plots were surrounded by field bunds 
reinforced by dug-out grass plagges obtained from neighboring fields. The native weed 
germination was allowed to occur in the bare fallow plots during the dry-to-wet season 
transition period.  In all other plots, weeds were removed manually and pests controlled as 
required. Plots were randomly arranged and replicated 4 times with plot sizes varying 
between 16 and 25 m2. All fields were fenced to prevent trespassing of grazing animals. 
Details to the four field experiments are presented thereafter. 
Field experiment 1, 2013: In the first experiment, the recommended mineral 
fertilizer-N application to rice following a period of bare fallow was compared with the use of 
pre-rice mungbean green manure (CMB3 variety) both in the absence and presence of applied 
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mineral P. The experiment was conducted in the Tram Kak district (11004’36.3’’N, 
104032’13.2’’E) on the deep Prey Khmer sandy soil using a randomized complete block design 
with four replications and a plot size of 4 m x 4 m. Because of the poor performance of 
mungbean, the rice crop received a basal application consisting of farmyard manure at a rate 
equivalent to 60 kg N ha-1, and 4 kg and 30 kg ha-1 P and potassium (K), respectively.  The 
treatments comprised three-split mineral-N applications (0, 14, and 28 kg urea-N ha-1) to the 
rainfed lowland rice following a period of bare fallow during the dry season and the dry-to-
wet season transition period, and two organic manure treatments. Here mungbean was 
cultivated for a period of around 8 weeks during the dry-to-wet season transition period prior 
to wetland rice, either in the absence or the presence of mineral P (10 kg ha-1) applied as triple 
super phosphate (TSP). In case of no P amendment to the green manure, the equivalent P 
fertilizer was applied to the rice. The nutrient application schedule and rates are presented in 
Table 2.2. 
Field experiment 2, 2013: In the second experiment, the recommended mineral 
fertilizer applications were compared with application of farmyard manure in the Tram Kak 
district (11003’23.5’’N, 104043’25.2’’E) on the shallow Prateah Lang sandy soil in a randomized 
complete block design. Accordingly, the recommended mineral fertilizer application rates 
were higher than in experiment 1 (Table 2.3), and the plot size was increased to 4 m x 5 m.  
 
Table 2.2 Treatments, seasonal management and nutrient application in field 
experiment 1 on the deep Prey Khmer Fluvisol, Tram Kak district, Cambodia, 
2013 
Treatment Pre-rice period Wet season NPK (kg ha-1) 
1. Urea 0 Bare fallow No N + PK 00/04/301 
2. Urea 14 Bare fallow 14 kg N + PK 14/04/30 
3. Urea 28 Bare fallow 28 kg N + PK 28/04/30 
4. Grain legume –P/FYM + P Mungbean  BNF2-N+FYM+10 kg P+K 61/19/79 
5. Grain legume +P/FYM - P Mungbean + 10 kg P BNF-N+FYM + K 70/9/79 
FYM = farmyard manure applied basally at a rate equivalent to 60:09:49 kg NPK ha-1; BNF = biologically-fixed 
nitrogen 
1 K and P rate consists of a basal mineral application of 4 and 30 kg ha-1 as muriate of potash (KCl) and TSP 
respectively. 2The amount of N derived from biological nitrogen fixation by the mungbean was estimated at 1 kg 
N ha-1 for treatment 4 and at 10 kg N was for treatment 5. 
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Table 2.3  Treatments, seasonal management and nutrient application schedule and 
rates in field experiment 2 on the shallow Prateah Lang Fluvisol, Tram Kak 
district, Cambodia, 2013 
Treatment Pre-rice period Wet season NPK (kg ha-1) 
1. Urea 0 Bare fallow No N + PK 0/10/251 
2. Urea 25 Bare fallow 25 kg N + PK 25/10/25 
3. Urea 50  Bare fallow 50 kg N + PK 50/10/25 
4. Farmyard manure -P Bare fallow FYM + K 60/17/89 
5. Farmyard manure +P Bare fallow FYM + PK 60/7/89 
FYM = farmyard manure applied basally at the rate equivalent to 60:07:64 kg NPK ha-1.  
1P and K rate consist of a basal mineral application of 10 kg P ha-1 and 25 kg K ha-1 as TSP and KCl, respectively 
 
Field experiment 3, 2014: In the third experiment, the recommended mineral fertilizer N rate 
was compared with the use of pre-rice mungbean (CMB3 variety) with and without applied 
mineral P. In this study, however, the type of residue management of the mungbean was 
modified, including (1) the green manure treatment or “all residues returned” as in 
experiment 1, with (2) only grains removed and stover returned as with a food grain legume, 
and (3) all residues removed as with a forage legume. The experiment was conducted in 2014 
in Tram Kak district (11004’36.3’’N, 104032’13.2’’E) on the deep Prey Khmer sandy soil. The 9 
treatments were laid out in a randomized block design with four replications and a 5 m x 5 m 




Table 2.4  Treatments, residue management and nutrient application schedule and rates 
in field experiment 3 on the deep Prey Khmer Fluvisol, Tram Kak district, 
Cambodia, 2014 
Treatment Pre-rice period Wet season NPK (kg ha-1) 
1. Urea 0 Bare fallow No N + PK 0/04/301 
2. Urea 14 Bare fallow 14 kg N + PK 14/04/30 
3. Urea 28 Bare fallow 28 kg N + PK 28/04/30 
4. Green manure - P Mungbean BNF-N2 + 10 kg P + K 09/10/30 
5. Green manure + P Mungbean + 10 kg P BNF-N + K 21/00/30 
6. Grain legume – P Mungbean BNF-N + 10 kg P + K 09/10/30 
7. Grain legume + P Mungbean + 10 kg P BNF-N (stover) + K 21/00/30 
8. Forage legume – P Mungbean 10 kg P + K 00/10/30 
9. Forage legume + P Mungbean + 10 kg P + K 00/00/30 
BNF = biological nitrogen fixation 
1 P and K rate consists of a basal mineral application of 04 kg P and 30 kg K ha-1 as KCl and TSP, respectively.  
2The amount of N derived from biological nitrogen fixation by the mungbean was estimated at 21 (in case +P) 
and 09 (in case –P) kg N ha-1 in the green manure and grain legume residue management treatment. In the 
forage legume treatment, all biologically fixed N was removed with grains and stover. 
 
Field experiment 4, 2014: In the fourth experiment, different residue management of pre-
rice mungbean (CARDI Chey genotype) was compared, comprising incorporation of 
mungbean residues after grain harvest as with grain legume production with “all residues 
removed” as with a forage legume. The experiment was conducted on the shallow Prateah 
Lang soil in Prey Kabas district, Takeo province (11o09’42.7”N, 104o54´10.7”E). The three 
treatments involved residual management of legume with and without mineral fertilizer N 








Table 2.5  Treatments, and nutrient application schedule and rates in field experiment 4 
on the shallow Prateah Lang Fluvisol, Prey Kabas district, Cambodia, 2013 
        Treatment Pre-rice period Wet season NPK (kg ha-1) 
1. Forage legume + Urea 50 Mungbean + FYM1 BNF-N2 + 50 kg N + PK  50/10/25 
2. Green manure – Urea Mungbean + FYM BNF-N + PK 78/10/25 
3. Green manure + Urea 50 Mungbean + FYM BNF-N + 50 kg N + PK 128/10/25 
  1 Farmyard manure applied basally in pre-rice legume at a rate equivalent to 78/09/83 (N/P/K kg ha-1) 
 2The amount of N derived from biological nitrogen fixation by the mungbean was estimated at 78 kg ha-1. In 
the forage legume treatment, all biologically fixed N was removed with grains and stover.  
 
2.4 Plant material 
Mungbean (Vigna radiata) was chosen as pre-rice legume due to its short growth duration, 
the wide availability of seeds officially released by research institutions in the country, and its 
popularity, together with a general and wide adoption and local acceptance of the crop in 
prevailing production systems. Depending on the district and the soil type, two mungbean 
varieties obtained from the Cambodian Agricultural Research and Development Institute 
were selected. Their main attributes are presented in Table 6. Mungbean seeds were 
established at a 20 cm x 20 cm spacing (one seed per hill) after manual land preparation in 
the paddy fields and left to grow for a periods of 55-56 days. The establishment of the crops 
varied by site and the onset of the first rains between 11 April (experiment 3 in 2014) and 26 
April (experiment 4 in 2014) and harvested/incorporated between 15 and 23 June. In 
experiment 1, the mungbean was planted in 15 May 2013 and harvested/incorporated 13 July 
2013.  
 The lowland rice (Oryza sativa L.) used in the study was the semi-traditional rainfed 
lowland genotype Phkar Rumdoul (Kamoshita et al. 2009). Certified seeds were obtained from 
the Cambodian Agricultural Research and Development Institute.  Selected varietal attributes 
are presented in Table 7. Seeds were seeded at a rate of 6 g m-2 into a nursery and 
transplanted at an age of 21 days at a 20 cm x 20 cm spacing into the puddled paddy field 
plots. Depending on the site and the year, the rice was seeded between 25 July and 1 August, 





Table 2.6  Selected attributes of the mungbean (Vigna radiata L.) varieties used in the 
field experiments (Cambodia 2013-2014) 
Characteristic 
Mungbean varieties 
CMB3 CARDI Chey 
Year of release 2009 2001 
Line origin ATF 3944 (Australia) VC1973A (AVRDC) 
Plant height (cm) 50-100 50-73 
Days to flowering (day) 30 35  
First pod harvest (day) 50 55 
Average yield (t ha-1) 0.853 0.61 
Achievable yield (t ha-1) 1.9 1.9 
Source: Cambodian Agricultural Research and Development Institute, 2005 and 2009 
 
2.5  Farmyard manure source and application 
Farmyard manure was applied in form of cow dung, which was locally collected. It was applied 
on a fresh weight basis to each plot as basal at the beginning of the rice growth in the wet 
season. It was then incorporated into the soil during the first land preparation 15-20 days 
before rice establishment using a spade at a depth of approximately 20 cm. The amount of 
manure needed was calculated based on its N-percentage content regardless of moisture 
content, because the total N was analyzed on a wet basis at site-specific moisture. To estimate 
the 60 N kg ha-1 derived from the manure, the percentage of total N, P and K was analyzed at 
the National Agriculture Laboratory of Ministry of Agriculture, Forestry and Fishery. The site-
specific total N, P and K content of the soils is shown in Table 2.8  
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Table 2.7  Selected attributes of the rainfed lowland rice variety Phkar Rumduol used in 
all field experiments  
Characteristic Value 
Released year 1999 
Variety type Medium-period   
Flowering period  Mid-October 
Photoperiod type Photoperiod-sensitive 
Plant Height (cm) 110-170  
Productive tillers per plant 5-10  
No. of grain per grain 110-150 
Panicle length (cm) 18-28 
Average yield (t ha-1) 3.5 
Potential yield (t ha-1) 5.5 
Source: Cambodian Agricultural Research and Development Institute, 2002 
 
Table 2.8  Total nitrogen, phosphorus and potassium content in farmyard manure (FYM) 
used in experiments 
Content/experiment 









Nitrogen (N) 1.22 60 0.78 60 
Phosphorus(P) 0.19 09  0.09 07 
Potassium (K) 1.00 49 0.83 64 
FYM application rate (t ha-1) 4.92  7.69 
1) Total N, P and K analysis was done using Kjeldahl's sulfuric acid, Spectro Molybdovanadophospate and 
Flame Photometer methods, respectively.  
2) The FYM was analyzed at the National Agricultural Laboratory, Ministry of Agriculture, Fishery and 
Forestry, Cambodia. 
 
2.6 Mineral fertilizers 
Urea was applied to the rice as a source of N while the site-specific fertilizer P and K were 
applied as basal through triple super phosphate (TSP) and muriate of potash, respectively, 
whereas 30% of N was applied as basal, 40% at tillering (30 days after transplanting) and the 
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remaining 30% at panicle initiation. The rate of fertilizer in each treatment was converted to 
the equivalent amount per plot. Triple-Superphosphate (TSP), which is not commonly used in 
Cambodia, was used as the P source. TSP contained 46% P2O5 (20% P), and was analyzed to 
confirm the P contents at the National Agricultural Laboratory, Ministry of Agriculture, Fishery 
and Forestry, Cambodia in 2014. The recommended fertilizer rates for the two sites with their 
different sand profile depths are 50:10:25 NPK for the shallow-sandy soil (Prateah Lang) and 
28:4:30 NPK for the deep-sandy soil (Prey Khmer) (Cambodia Agricultural Research and 
Development Institute, 2010).  
 
2.7 Climatic data 
In general, in the two study years rain did not fall frequently during the main wet season at 
the study sites, especially at the early stage of rice growth. Thus, supplementary irrigation 
was done.  Only occasional supplementary irrigation was necessary at the Prateah Lang site 
as the soil could retain water well and the standing water remained in the plots, while 
frequent irrigation was necessary for the very deep sandy soil at the Prey Khmer site.  Simple 
atmospheric and temperature gadgets were installed at each site, except for the experimental 
site in Prey Kabas. Measurements were taken three times a day at 8:00 am, 12:00 pm and 
17:00 pm. The values were averaged to represent data for each day.  For measuring daily 
rainfall, a plastic beaker with 10 cm diameter and 14 cm height was installed, and rainfall 
recorded immediately after the rain had stopped. At the Prey Kabas site, no meteorological 
data were recorded and the provincial data were used.  
 
2.8 Soil sampling and analysis 
Soils were sampled twice. The first samples were taken prior to the commencement of each 
experiment and the second after the end of the experiments. All samplings were done on 
composited bases by collecting samples at five points and mixed for one sampling unit. The 
soil was sampled at 20 cm depth. The soil was sampled at 20 cm depth. Fresh samples were 
air-dried for 5-7 days and sieved at 2 mm. All samples were transported to Germany and 
analyzed at the Institute of Crop Science and Resource Conservation, Department of Plant 
Nutrition, University of Bonn, for CEC, total N, total organic C, available P (Olsen), and 
available K; pH, EC and texture were determined at the Faculty of Agronomy, Royal University 
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of Agriculture, Cambodia. The pH and electrical conductivity (EC) of the soil were measured 
using the ratio 1:5 with respective portable meters (Vernier LabQuest reference Guide, 
version 1.1). Total N and total organic C were determined using an automatic elemental 
analyzer (Euro EA Elemental Analyzer series 3000). The cation exchange capacity (CEC) of the 
soil was analyzed using the BaCl2-TEA pH 8.2 method. The Olsen method (soil extraction 
NHCO3, pH 8.5) was used for available P and K analyses. Texture was determined using the 




Figure 2.2 Rainfall and cumulative rainfall in the four experimental sites.  

























































































































2.9 Statistical analyses 
All data were checked for normality of distribution, statistically analyzed by ANOVA for 
significance, and mean values separated by least significant difference (LSD). Both 
ANOVA and mean comparison were assessed using Stastitix 8 (Version 8.0, Analytical 
Software, 1985-2003). The data sets ‘with and ‘without P’ were compared using a “t-
test”.  
 















pH (water, 1:5) 5.67 5.74 5.68 5.7 
EC (dS/m) 0.03 0.03 0.06 0.05 
CEC (cmolc /kg) 1.10 0.44 0.08 - 
Total N (g kg-1) 0.14 0.14 0.15 0.20 
Total organic C (g kg-1) 1.22 1.75 1.74 1.74 
Available P (mg kg-1) <1 2.00 2.70 2.30 
Available K (mg kg-1) 0.02 0.05 0.03 - 
Sand (%) 92.7 86.3 88.7 80.3 
Silt (%) 2.6 8.4 4.6 14.5 
Clay (%) 4.7 5.3 6.7 5.2 
Texture class1 Loamy sand Loamy sand Loamy sand Sandy loam 
1Texture was determined for the upper 20 cm of the soil. 
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3 ASSESSING ORGANIC MATERIALS AS ALTERNATIVE TO MINERAL FERTILIZER  
3.1 Introduction 
Rice (Oryza sativa) is globally the most important food crop. As the world is demanding 
more rice and an expansion of production areas in Asia is no longer possible, the 
productivity of rice needs to be increased (Wade et al. 1999b). In Cambodia, rainfed 
lowland cropping systems dominate the rice production sector, whereby one single crop 
of wet-season rice is followed by an extended period when the land is left to fallow 
during the dry season (Seng et al. 2008).  
Besides an unreliable water supply, the poor fertility of most rainfed lowland 
soils is the main constraint limiting rice production in Cambodia (Seng et al. 2004a). 
Some 39% of the rice-growing areas are characterized by sandy Fluvisols belonging to 
the Prey Khmer (deep sand profile) and Prateah Lang soil groups (shallow sandy topsoils 
overlaying a clay layer), according to the national soil classification system for rice 
production. With >80% sand fractions, both soil types are typically associated with low 
organic C and available P, and widespread deficiencies in micro-nutrients (Bell and Seng 
2003). The most limiting nutrient element, however, is nitrogen (N). The required 
increases in rice production can only be achieved by application of large quantities of 
both mineral and organic fertilizers (Seng et al. 2001). However, the recommended rates 
of farmyard manure (FYM) and mineral fertilizers are rarely applied. On the one hand, 
the number of farm animals limits FYM availability and on the other hand, mineral 
fertilizers are often unaffordable for small-scale producers (Blair and Blair 2014; Morris 
et al. 1986). In addition, the efficiency and profitability of the recommendations is highly 
variable and often low (Seng et al. 2001).  There is a need for differentiated, system-
specific adapted solutions, including the use of locally available organic materials. Site 
specific organic amendments to substitute inorganic fertilizers (Bi et al. 2009) have been 
shown to enhance rice yields  (Jeon et al. 2011) and to sustain soil productivity by 
building soil organic matter (Yan et al. 2007). In the case of the small-scale, low-input 
rainfed systems of Cambodia, the use of mineral fertilizers at affordable rates (lower 
than recommended levels), combined with locally available FYM and the addition of 
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biologically fixed N from site-specifically adapted legume green manures may present 
an alternative to current blanket recommendations (Seng et al. 2001).  
Green manures are used for the purpose of soil fertility improvement (Olesen 
et al. 2009) and as a source of N for the subsequent crops (Cherr et al. 2006). In addition, 
they can have phytosanitary effects and reduce native N losses from soils (Becker et al. 
2007). Their use is reportedly more efficient in rainfed than in irrigated production 
systems (Becker et al. 1995), provided that the niche for growing the legume is 
sufficiently long (Garrity and Becker 1992), that seeds are available  (Ali et al., 1995) and 
that the legume performance is not constrained by P deficiency (Engels et al. 1995).  
In the case of the rainfed systems in Cambodia, there is sufficient time between 
the onset of the monsoon rains and the transplanting of rice (pre-rice niche) to cultivate 
a short-duration legume. Mungbean (Vigna radiata L.) is fast-growing, widely used, and 
locally adapted genotypes are available. Possible P limitations may be overcome by 
applying the mineral P destined to rice already to the pre-rice green manure. Further 
limiting nutrients may be added via farmyard manure and complemented by 
supplementary mineral N applications. Rates and combinations need to reflect the soil-
specific differences and crop demand, as well as the mineral fertilizer equivalence values 
of the organic amendments (Kai et al. 2008; Abrol et al. 2012). Most importantly, the 
technology options or combinations need not only to be adoptable by farmers but also 
need to consider farmer’s perception and expectations.  
The main goals in this research are (1) to assess available organic amendments 
(FYM and green manure) as supplemental nutrient sources and/or as alternatives to 
mineral fertilizer under rainfed lowland conditions on sandy soils in Cambodia, and (2) 
to assess the perception, the expectations and the aspirations of farmers related to the 
use of organic materials (FYM and green manure) and mineral fertilizer in the main 
rainfed production systems.   
 
3.2 Materials and methods 
The study area, the origin and attributes of the plant material, the experimental design 
and treatment applications, and the applied field management are described in Chapter 
2. One of the main objectives described in this chapter was to explore the fertilizer 
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substitution value of organic resources in comparison with mineral N fertilizer. We 
comparatively analyzed organic and mineral fertilizer sources and treatments in four 
experiments (91 experimental plots). The experiments were conducted in 2013 and 
2014 and replicated 4 times on farmers´ fields. The treatments and applied mineral or 
organic NPK rates are summarizes in Table 3.1 
 
Table 3.1  Organic and mineral fertilizer treatments and nutrient inputs  
Treatment 
N (kg ha-1) 
NPK1 (kg ha-1) 












Grain legume -P/FYM +P  01 60 - 61/19/79 
Grain legume + P/FYM -P 10 60 - 70/09/79 
FYM – P - 60 - 60/17/89 
FYM + P - 60 - 60/07/89 
Green manure - P 09 - - 09/10/30 
Green manure + P 21 - - 21/00/30 
Grain legume - P 09 - - 09/10/30 
Grain legume + P 21 - - 21/00/30 










 Urea 0 (control) - - - 00/04/30 
Urea 14 - - 14 14/04/30 
Urea 28 - - 28 28/04/30 
Urea 0 (control) - - - 00/10/25 
Urea 25 - - 25 25/10/25 
Urea 50 - - 50 50/10/25 
FYM = farmyard manure applied to rice 
1 P and K were applied in the form of triple superphosphate (TSP, 20% P) and muriate of potash (KCl, 60% 
K), respectively. In case FYM was used, additional P and K were derived from the manure. Green legume: 
residue was incorporated after grain harvesting. Green manure: residue was incorporated during 
podding stage.  
 
3.2.1 Mineral fertilizer equivalence  
Mineral fertilizer equivalence (MFE) is the amount of mineral fertilizer-N (kg) required 
to obtain the same yield as organic amendments and is expressed either as kg urea-N or 
as percent of an N amount equivalent to 100 kg manure-N. In this study, we define the 
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mineral N equivalence in the following ways: 1) MFE (kg ha-1) refers to the amount of 
mineral fertilizer that is equivalent to or can be replaced by organic materials. 2) MFE 
(%) refers to the equivalence of 100 kg N from the organic materials to mineral fertilizer 
N or the relative efficiency. Farmyard manure (FYM) and mungbean green manure (GM) 
were used as organic sources.  
The calculation was adapted and modified from Kai et al. 2008: 
MFE (kg ha-1) = 
𝒀𝑭𝒀𝑴 𝒂𝒏𝒅/𝒐𝒓 𝑮𝑴   −  𝒃
𝒂
 ,         (3.1) 
where MEF is the fertilizer-N equivalent of FYM and/or GM-plots (kg ha-1). “a” and “b” 
were obtained from the equation of the linear regression Y = aX + b, where “a” is the 
slope and “b” is the intercept of the regression. Y is the grain yield (kg ha-1) while X is the 
added amount of N (kg ha-1) 
MFE (%) = 
𝑬
𝑵𝑭𝒀𝑴 𝒂𝒏𝒅/𝒐𝒓 𝑮𝑴
 X 100,                                               (3.2) 
E = MEF (kg ha-1) and NFYM and/or GM = N Kg input from manure per ha.  
 
Table 3.2  Values of the slope (a) and intercept (b) of the regression from a linear 
model (Y = a + bX), plotting grain yield as a function of applied mineral 
fertilizer N. 
Field experiment (Exp.) Soil group/year a b 
Exp. 1 PK/2013 31.6 2956 
Exp. 2 PL/2013 25.1 4139 
Exp. 3 PK/2014 33.0 2575 
Exp. 41 PL/2014 25.1 4139 
1In experiment 4, there was no mineral fertilizer application. We used the slope (a) and the intercept (b) 
value from experiment 2 (same soil and similar agronomic management for rice cultivation).  
PL= Prateah Lang, PK= Prey Khmer soil groups 
 
In cases where grain yield obtained from organic sources application was higher 
than the response curve of mineral fertilizer, the mineral N fertilizer equivalence could 
not be calculated.  
 
3.2.2 Performance attributes 
The grain yield was measured from 2 m x 3 m areas in the center of each plot. Harvested 
plants were threshed by hand, and the weight of the rice grain was adjusted to 14 % 
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moisture. At the end of each experiment, total soil N (TN) and organic C (TOC) from each 
plot were analyzed at the Institute of Crop Science and Resource Conservation, 
Department of Plant Nutrition, University of Bonn, Germany, using an automated 
elemental analyzer (Euro EA Elemental Analyzer series 3000). The agronomic N-use 
efficiency (AE) was calculated as increase in grain yield per unit of applied N as follows 
(Peng et al. 2006): 
AE (kg kg-1) = 
𝑮𝒓𝒂𝒊𝒏 𝒚𝒊𝒆𝒍𝒅 𝒊𝒏 𝑵 𝒇𝒆𝒓𝒕𝒊𝒍𝒊𝒛𝒆𝒅 𝒑𝒍𝒐𝒕 (𝒌𝒈 𝒉𝒂−𝟏)−𝑮𝒓𝒂𝒊𝒏 𝒚𝒊𝒆𝒍𝒅 𝒊𝒏 𝑶 𝑵  𝒑𝒍𝒐𝒕 (𝒌𝒈 𝒉𝒂−𝟏)
𝑵 𝒊𝒏𝒑𝒖𝒕 (𝒌𝒈 𝒉𝒂−𝟏)
      (3.3) 
 
3.2.3 Farmers’ perception of fertilizer uses 
Farmers‘ perception of fertilizer uses was assessed through structured questionnaires 
administered during individual interviews with 100 rice farmers in 10 out of the 15 
communes in Prey Kabas district of Takeo province (10 farmers per commune). The 
study sites cover both shallow and deep sandy soils (Table 3.3). The draft questionnaire 
was pre-tested with 6 farmers prior to the interview. 
 
3.2.4 Statistical analyses 
Linear regressions and Pearson´s correlation coefficients were determined using 
Microsoft Excel. Mean comparisons were done by least significance difference (LSD) test 
at P < 0.05 using Statistix 8 (Version 8.0, Analytical Software, 1985-2003). The values for 
the dependent variable were the mean of 4 replications in each treatment. The data 
entry and analyses from the farmers’ survey were done using Statistical Package for the 
Social Science (SPSS, version 22). 
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Table 3.3  Farm and household attributes in the Prey Kabas district of Cambodia 
(n=100) 
Variable Description  % 
Gender Female 61 
Male 39 













Education level  Illiterate 
Primary  















Soil texture1 Sandy 29 
 Loamy sand 71 
Rice ecosystem Only wet season 54 
 Early-wet and wet season 30 
 Wet season and dry season 16 
N = 100 farmers 
1 Assessed by the farmers, based on the top soils 
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3.3 Results  
3.3.1 Mineral nitrogen fertilizer equivalence of applied organic manure 
In general, organic amendments (green manure and/or FYM) were able to substitute 
between 10 and 30 kg of mineral fertilizer N ha-1 with corresponding relative efficiencies 
ranging from 25 to 139 % (Table 3.4).  
 
Table 3.4 Mineral N fertilizer equivalence of organic amendments used in Tram 





















Grain legume -P/FYM 3.53 61 22 37 
Green manure + P 3.14 21 13 63 
Green manure - P 3.11 9 12 139 
Grain legume + P 3.42 21 26 124 
Grain legume – P 3.06 9 10 114 
Mean 3.41 32 17 95  






FYM - P 4.71 60 24 39 
Green manure   none 4.61 78 19 25 
Mean 4.73 66 24 38 
1 MFE = mineral N fertilizer equivalence; FYM = farmyard manure applied to rice 
2 Estimation as grain yield exceeded the mineral N fertilizer response curve 
 
The mean mineral N fertilizer equivalence of organic sources tended to be 
lower on the deep than on the shallow sandy soils (17 vs. 24 kg ha-1, respectively), but 
corresponded in both cases to about 50 % of the recommended mineral N rate (28 and 
50 kg N ha-1 for deep and shallow sandy soil, respectively). When expressing the mineral 
fertilizer N equivalence on a percentage basis (kg mineral fertilizer N equivalent per 100 
kg N from organic sources), the relative efficiency of the N applied by organic 
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amendments was higher in the deep than in the shallow sandy soil (average of 95 vs. 38 
kg N). However, the N input from organic amendments was not correlated with the 
mineral N fertilizer equivalence (r = 0.61 ns).  
 
Figure 3.1  Relationship between N input from organic sources and mineral N 
fertilizer equivalence (kg ha-1). Each point represents average of 4 replications.  
 
3.3.2 Grain yield responses and agronomic-use efficiency 
The grain yield obtained from the plots with mineral N fertilizer (urea) treatment ranged 
from 3.2 to 5.1 Mg ha-1 while that obtained applying organic sources ranged from 2.8 to 
4.9 Mg ha-1 (Figure 3.2a). The grain yield of rice responded significantly to the amount 
of added N, irrespective of whether this N was from mineral or organic sources (rmineral 
= 0.78** ; rorganic = 0.84** ). The agronomic N use efficiency (kg grain per kg of N input) 
tended to be lower with increasing N application from both organic manure and mineral 
fertilizers, but the relationship was not significant (Figure 3.2b). While mineral N sources 
tended to out-yield the organic amendments, the yield variability was higher with 
mineral than with organic sources, and was lowest in the no-amendments control 
(Figure 3.3a). The addition of urea-N increased the rice yield over the control (no N 
applied) by 0.98 Mg ha-1, which was not significantly different from the yield obtained 
































organic source N input (kg ha-1)
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with organic amendments. While rice yields were generally higher on the shallow than 
on the deep sandy soils, no differences between mineral and organic amendments were 
apparent (Figure 3.2).  
 
 
Figure 3.2 Relationship between mineral and organic N inputs and rice yield (a) and 
agronomic-N use efficiency (b). Each point represents average of 4 
replications. 
N-mineral fertilizer response
y = 3 + 0.04X, r = 0.78**
N-organic source response


























y = 22 - 0.04x, r = -0.11ns
N-organic source response










































Figure 3.3.  (a) Grain yield obtained without N application and with organic and 
mineral N fertilizer sources. The solid line inside boxes is the median and the 
black dot represents the overall average across soil groups and sites. The upper 
box boundary shows that 75% of the grain yield falls below the upper quartile 
and the lower box boundary indicates that 25% of the grain yield falls below the 
lower quartile. (b) Grain yield by types of N sources and soil groups. The error 
bars represent standard deviation.  Small letters indicate significance of both N-
sources in each soil group (p < 0.05) while capital letters show the significance 
between the two soil groups. The same letters are not significantly different at 
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3.3.3 Total N and total organic C 
The total N (TN) and total organic C (TOC) contents of the soils after two crop cycles 
increased significantly with applied organic amendments (r = 0.63, P<0.05), ranging from 
1.57 to 5.76 g C kg-1 and from 0.13 to 0.55 g N kg-1. Despite these positive trends, the 
values are still to be classified as “extremely low”. With mineral N sources, no change 




Figure 3.4 Relationship between N input from mineral and organic sources and total 
soil nitrogen (a) and carbon (b) contents 
  Each point represents mean of 4 replications. 
 
N-mineral fertilizer response
y = 0.21 + 0.0007x , r = 0.24ns
N-organic source response

























y = 2.67 + 0.0061x, r = 0.18
N-organic source response
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3.3.4 Farmers‘ perception toward fertilizers   
Most farmers in the study region use both animal manure and mineral N fertilizer. On 
the other hand, the adoption of green manure is restricted to only 21% of the farmers.  
 
Table 3.5 Farmers´ judgement of the three types of fertilizers and main perceived 









FYM1 96  1.3 (±0.50) 1.2 (±0.5) Insufficient manure  
Green manure 21  2.0 (±0.89) 2.0 (±0.9) Labor shortage 
Mineral fertilizer 98  2.5 (±0.9) 2.5 (±0.9) Cannot afford 
The farmers were asked to rank the fertilizer type from 1 (top) to 3 (least). 1FYM = farmyard manure. SD = 
standard deviation.  
 
Farmyard manure is the preferred (quality ranking 1.3) and also most widely 
adopted (96%) fertilizer use in the sample (Table 3.5). Farmers indicated that they would 
like to use more manure but are constrained by the poor availability linked to the low 
number of farm animals. The perceived value of green manures is also very high (quality 
ranking 2); however, only 21% of the farmers in the study area apply it. Key constraints 
to adoption are labor shortage, which restrains green manure establishment, and it is 
only incorporated on parts of the fields. The least preferred but most widely used 
fertilizer is urea with a quality and preference ranking of 2.5 but an adoption rate of 
nearly 100%. However, despite its wide use, the applied rates are very low, which is 
related to the perceived high price of urea and its unaffordability by small-scale 
subsistence farmers. 
The relatively high quality and preference rating of both green and animal 
manures are related to perceived benefits such as ‘’soil improvement’’ and ‘’yield 
increases’’. The majority of the farmers (93%) use a combination of FYM and mineral 
fertilizer rather than only one type, while around 20% of the respondents combine green 
manure with FYM. 




(a)                                                                                      (b) 
Figure 3.5 (a)  Combined uses of fertilizers; (b) main positive perception of each 
fertilizer (multiple respondents).  MF=mineral fertilizer and GM=green manure.  
 
3.4 Discussion 
3.4.1 Mineral fertilizer equivalence and efficiency of organic sources 
Grain yields increased with applied N from both mineral and organic sources (r = 0.78** 
and r = 0.84**, respectively). However, with the same amount of applied N, the grain 
yield responded more to mineral fertilizer applications than to organic amendments, 
and yields were always higher on the shallow than on the deep sandy soils. This general 
trend may be attributed to a generally higher fertilizer use on shallow soils. Thus, the 
recommended fertilizer rate on soils of the shallow sandy group is 50:10:25 (N:P:K kg 
ha-1), while it is only 28:05:33 (N:P:K kg ha-1) on soils of the deep sandy group. The strong 
and positive grain yield response to applied fertilizer N is neither new nor unexpected 
(Yadav et al. 2000). However, the differential response of the two soil groups was 
surprising. Consequently, the deep sandy soils of the Prey Khmer group must be 
classified and considered as being less productive than the shallow sandy soils of the 
Prey Khmer group as has been previously suggested by White et al. (1997).  
The mineral N fertilizer equivalence allows comparing the applied treatments 
by calculating the amount of mineral N that can be substituted for by organic 
amendments or the relative efficiency of applied organic relative to applied mineral N 
sources. Compared to the recommend N standard for both soil groups, the averaged 










Better growth and yield
Soil improvement
Percentage 
Mineral Fertilizer Green Manure FYM
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value of mineral fertilizer equivalence for both soil groups showed that organic sources 
can replace about 50% of the mineral N recommended to be applied to each soil group. 
The mean mineral fertilizer equivalence (kg N ha-1) of organic sources applied on the 
shallow sandy soil group was higher than on the deep sandy soils.  
In some cases, the value of mineral fertilizer equivalent (as percent) exceeded 
100%, especially in the deep sandy soil group in the case of green manure amendment. 
The high mineral fertilizer equivalence > 100% was also reported by Tran et al. (2012). 
In another words, the efficiency of N from green manure in this soil was higher than that 
of the mineral N fertilizer. Green manure generally has a lower C:N ratio of about 15 
(Das et al. 1993) than FYM with about 18 (Mariaselvam et al. 2014).  Consequently, the 
decomposition of incorporated green manure was likely to be faster (Aulakh et al. 2001) 
than that of FYM. However, this pattern was not consistent on the shallow sandy soil 
where a high atmospheric N2 fixation was associated with a low relative mineral N 
fertilizer equivalence. It is possible that the relatively high N input rates led to a lower 
agronomic N use efficiency, which was evident from the negative trends between N 
inputs from organic sources (r = -0.47) and agronomic N use efficiency (Figure 3.2, b). 
The agronomic N use efficiency in this study ranged from 6 to 30 kg ha-1 and from 13 to 
27 kg ha-1 in the case of N from organic sources and mineral fertilizers, respectively. This 
range is comparable with those reported before (Peng et al. 1996; Peng et al. 2006). In 
another words, increasing the amount of N inputs will decrease the agronomic N use 
efficiency. This suggests that the low native soil N supply from the prevailing sandy 
materials requires higher N application. Alternatively, it may be possible that N absorbed 
by the rice crop during the early growth stages simply enhanced biomass growth, but 
reduced the harvest index or the C and N partitioning towards reproductive organs  
(Peng et al. 2006). It can also not be excluded that high N losses from the sandy soil may 
have occurred before the plant could take this N up.  While Peng et al. (2006) reported 
that agronomic N use efficiency decreased with increasing N application rates, such 
trends differ between organic and mineral sources and the dominant soil type. Thus, 
Becker et al. (1995) reported that the N use efficiency is higher with urea in irrigated 
systems on clay soils and with green manure in rainfed systems on sandy soils. In the 
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present study, the agronomic N use efficiency tended to be higher with mineral N 
fertilizer than with organic amendments. A plausible explanation could be that the N 
derived from organic manures was available to the rice crop at the later stage (Ventura 
and Watanabe 1993) while the urea dose was split in triple applications for a crop cycle 
of rice, making it more efficient for rice production. However, these differences were 
not significant. 
 
3.4.2 Residual total N and organic C 
In contrast to urea, total soil N and organic C increased with applied organic 
amendments already within one or two seasons. In another words, the changes in total 
soil N and organic C correlated linearly with the amount of N contributed by organic 
sources. Such trends will be enhanced in the longer term as has been reported before 
(Lv et al. 2011; Tong et al. 2009; Cassman et al. 1996; Zhang and He 2004; Liu et al. 2013; 
Singh et al. 2007) or in at least three to four crop cycles as reported by Mandal et al. 
2003 and Yaduvanshi 2003. Short-term changes as reported here are unlikely to occur 
(Haynes 2005) or will only concern certain fractions of soil C and N (Yang et al. 2005; 
Raun et al. 1998). However, Zia et al. (1992) reported changes in total N in the case of 
green manure and FYM application in one crop cycle of lowland rice in Pakistan. The 
specific soil conditions in Cambodia may have contributed to the observed significant 
short-term changes with organic addition despite the high rates of nutrient leaching in 
the sandy soils. 
The residual total N after the growing season in this study was mainly related 
to the N derived from green manure (Roger and Ladha 1992; Zia et al. 1992) and FYM 
(Zia et al. 1992), whereas organic C was probably due to C input through crop stubble, 
root exudates and N fixation (Tong et al. 2009). The residual soil organic C in this short-
term study may have been largely contributed by the root-derived C of the green 
manure (Puget and Drinkwater 2001). Nitrogen from green manure is less susceptible 
to loss mechanisms (Becker 2001), maybe contributing to this residual total N 
accumulation. Panda et al. (1994) and Aulakh et al. (2000) also reported that less nitrate 
leached with green manure amendment than with mineral N application. 
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In contrast, the increase in total N and organic C due to applied urea was small 
and the relationship was insignificant. It was due to the fact that urea application 
released available N (NH4+) rapidly (Singh et al. 1981) that was taken up by the rice within 
a crop cycle. This phenomenon caused rapid rice yield response.  On the other hand, the 
applied inorganic N may have also been lost or decreased (Cao et al. 1984; Singh et al. 
1981) either by volatilization or denitrification (Datta and Buresh 1989) within one crop 
cycle. 
 
3.4.3 Farmers' perception of fertilizers and implications  
The farmers in the study areas like elsewhere in Cambodia were generally considered as 
small-scale famers. According to the interviews, they had contrasting perceptions 
between mineral fertilizers and organic manures. The farmers tended to appreciate the 
quality and prefer organic manures (particularly FYM) to mineral fertilizers, which was 
related to their perception that organic manures provided long-term benefits as soil 
fertility improvement. However, they also perceived that rice growth and yield 
responded rapidly and efficiently to mineral fertilizers. Considering the high cost of 
mineral fertilizers (Blair and Blair 2014) and probably high variability in efficiency and 
profitability (Seng et al. 2001), the farmers are reluctant to apply mineral fertilizers as 
recommended. Thus, although the application rate of mineral fertilizers in rice 
production is already relatively low, the farmers generally apply even lower amounts 
(Blair and Blair 2014). Nevertheless, almost all the farmers in the interviews applied 
mineral fertilizers. The use of mineral fertilizers is inevitable because of the limited 
organic sources. Therefore, most of the farmers normally use a combination of FYM and 
mineral fertilizers. Green manure, on the other hand, received high appreciation in 
terms of quality and quantity but it was applied by only a small number of farmers. 
Green manure was mainly constrained by labor shortage. 
 
3.5 Conclusions 
The objective of this study was to provide an overview of alterative N-mineral sources. 
The mineral fertilizer N equivalence and grain yield obtained from organic sources was 
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compared to the use of mineral fertilizer based on the pooled data analyses of four field 
experiments covering a wide range of treatments (91 plots). This study is limited to 
differentiation of organic source types and one crop cycle and focused on two main 
organic sources. 
The application of organic sources (green manure and FYM) was equivalent to 
around 50% of the national recommended N rate for both soil groups, but led to residual 
total N and organic C after one crop cycle.  This suggests that N may not have been fully 
available in the organic sources, which probably had a limiting effect on rice yield and 
did not enhance the N use efficiency over the short-term study period. But N could 
potentially build up in a long-term application.  Rapid response of rice yield to N-mineral 
fertilizer is associated with the readily available N within one crop cycle. Therefore 
mineral N fertilizer had a small effect on fertility build up. 
Organic manures were preferred and appreciated by the farmers. However, 
the increase in FYM application beyond that actually applied in this study (4 to 7 t ha-1) 
is not likely to be possible for most small-scale famers. Alternatively, it is important to 
maximize the benefits from green manure through improving N fixation of the manure 
taking into account the less labor-intensive technology. The adoption of organic 
materials to replace mineral N could be possible provided that the supply of FYM is 
sufficient and the agronomic and social-economic constraints of growing green manure 
can be solved. 
Therefore, organic manure application could play a very crucial role in 
enhancing both organic C and N in rainfed lowland rice, but may not be able to achieve 
an optimal rice yield in a short-term application.
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4 EFFECT OF PHOSPHORUS APPLICATION ON MUNGBEAN PERFORMANCE 
4.1 Introduction 
Nitrogen (N) and phosphorus (P) deficiencies, common in most tropical soils, are key 
constraints to increased crop productivity in low-input production systems (Ankomah et 
al. 1996). Rainfed lowland rice is the dominant food crop in the low-input agricultural 
systems of Cambodia, where infertile soils cover more than half of the area under 
rainfed lowland rice (White et al. 1997), severely limiting rice production (Seng et al. 
2004a). These soils are highly weathered sands (Pheav et al. 2005) with low N and 
extremely low available P contents and with low-activity material dominating the clay 
fraction (White et al. 1997). Their low specific surface area results in a low cation 
exchange capacity (CEC) and, concomitantly, poor nutrient holding capacities. 
As N is the main limiting nutrient for rice production, it must be either supplied 
by the soil or added in the form of mineral or organic N fertilizers. The recommended 
rates of farmyard manure (FYM) are rarely applied due to the limited number of farm 
animals, while mineral fertilizer sources are often unaffordable to small-scale producers 
(Blair and Blair 2014; Morris et al. 1986). In addition, the efficiency of the 
recommendations is highly variable and their profitability is often low (Seng et al. 2001). 
Green manures can be integrated into rice farming systems either in the pre-
rice or in the post-rice cropping niches, whereby the use of the pre-rice niche has been 
suggested to be more applicable in the case of rainfed rice systems in South East Asia 
(Ladha and Garrity 1994). However, the adoption of green manures is limited by a 
number of constraints, such as the availability of seeds and of labor for biomass 
incorporation (Ali 1999). The adoption of green manure technologies has been 
hypothesized to be substantially increased by using multi-purpose legumes, which 
provide additional benefits such as feed stuff and grain in addition to fertility 
improvement (Becker 2003). Such multiple-use legumes are particularly suited for 
rainfed rice systems (McDonagh et al. 1995), where they show reportedly higher N use 
efficiencies than in irrigated systems or compared to mineral N fertilizers, particularly 
on sandy-textured soils (Becker et al. 1995). The N balances resulting from legume-
based BNF contributions can be improved by as much as 19-38 kg N ha-1, 28-33 N ha-1 
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and 30 to 52 kg N ha-1 in lowland rice-based systems of Japan, Thailand and The 
Philippines, respectively (Kundu and Ladha 1999). 
 However sufficient available P is a crucial component for legume establishment 
(Walley et al. 2005), growth and biomass accumulation, and particularly N2-fixation 
(Israel 1987; Niemi et al. 1997). In the sandy soils prevailing the lowland rice production 
of Cambodia, P deficiency is a major production constraint, potentially affecting the N2 
fixation by legume (Araújo et al. 1997). Concomitant to the positive effect of P on N2 
fixation, increases in legume biomass and grain yield have been reported (Hayat et al. 
2008; Bhuiyan et al. 2008). Besides the ability of legumes to fix N2 and contribute N to 
the subsequent rice crop, the legume-absorbed and returned P can significantly benefit 
the rice crop, often even more than direct P application to rice. 
Rainfed-based rice production on sandy soils make Cambodia thus an ideal 
candidate for future pre-rice green manure or grain legume uses provided that P can be 
supplemented. The objectives of this study were 1) to determine N2 fixation of pre-rice 
multi-purpose crop of mungbean crop, and 2) to comparatively assess the effect of P 
application strategies on the performance of both the legume and the subsequent 
rainfed rice. 
 
4.2 Materials and methods 
4.2.1 Experimental design and treatment application 
A detailed description of the study sites, the experimental design and the plant materials 
used are provided in Chapter 2. In brief, the experiments were conducted in farmers´ 
fields in the Tram Kak district of Takeo province in Cambodia in 2013 and 2014, where 
the experiments were located on a deep “Prey Khmer” sandy Fluvisol. The treatments 
are part of experiments 1 and 3 presented in Chapter 2. In 2013, mungbean was grown 
as a green manure in the pre-rice niche, either with or without the application of mineral 
P. During the wet season, FYM was applied, providing 60 kg N ha-1 before rice 
transplanting. Rice received an equivalent amount of P when no P had been applied to 
the legume. The experiment was conducted with a plot size of 4 m x 4 m using four 
replications. In 2014, pre-rice mungbean with and without applied mineral P was grown, 
Effect of Phophorus Application on Mungbean Performance 
39 
 
but the management of the mungbean residues was modified, including (1) the green 
manure treatment or “all residues returned”, (2) grains removed as with a food grain 
legume or “only stover returned”, and (3) the total above-ground biomass harvested as 
with a forage legume or “all residues removed” The experiment was conducted with a 
plot size of 5 m x 5 m using four replications and a randomized block design. Phosphorus 
was applied basally at a rate of 10 kg ha-1 as triple superphosphate (TSP, 20% P). In 2013, 
9 kg P ha-1 were additionally supplied from the FYM to the rice. The treatments and 
nutrient application schedules and rates are presented in Table 4.1. 
 
Table 4.1  Treatments, seasonal management and nutrient application schedule 
and rates in the field experiments on deep Prey Khmer Fluvisol, Tram Kak 
district, Cambodia, 2013 
Treatment Pre-rice period Wet season NPK (kg ha-1) 
2013 
Green manure + FYM -P Mungbean  BNF2-N+FYM+10 kg P 61/19/791 
Green manure +FYM +P  Mungbean + 10 kg P BNF-N+FYM 70/9/79 
2014 
Green manure -P Mungbean BNF-N + 10 kg P 09/10/30 
Green manure +P Mungbean + 10 kg P BNF-N 212/00/30 
Grain legume -P Mungbean BNF-N + 10 kg P 09/10/30 
Grain legume +P Mungbean + 10 kg P BNF-N (stover) 212/00/30 
Forage legume -P Mungbean 10 kg P 003/10/30 
Forage legume +P Mungbean + 10 kg P none 00/00/30 
BNF = biological nitrogen fixation 
1 K rate consists of a basal mineral application of 30 kg ha-1 as muriate of potash (KCl). In the case of 
FYM, additional 49 kg K ha-1 was from FYM.  
2 The amount of N derived from biological N fixation by the mungbean was estimated at 09 kg N ha-1 
with pre-legume-P, and at 21 kg ha-1 with pre-legume + P in the green-manure and grain-legume-
residue-management treatments. In the forage-legume treatment, all biologically fixed N was removed 
with grains and stover. 
 
4.2.2 Measurements and data collection 
The plant height of the mungbean was recorded prior to harvesting based on three 
neighboring plants. The dry weight of both aboveground and root biomass was 
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determined from subplots 25 cm x 25 cm randomly selected from each plot after 
uprooting the whole plants and oven-drying at 70 °C for 48 h. The grain yield was based 
on 2 m x 3 m sampling areas and adjusted to 12% moisture content. The 100-grain 
weight was based on random samples from the harvested legume grain.  
The rice grain yield was measured from 2 m x 3 m harvest areas in the center 
of each plot. The harvested plants were threshed manually and the grain weight was 
assessed to 14% moisture.  
To determine the N fixation, maize was used as a reference plant (Senaratne 
and Ratnasinghe 1995) planted in a 2 m x 1 m micro-plot located within each mungbean 
plot. The experiment was replicated 4 times. The reference plant was harvested 
separately at the same day as the legumes using a 0.6 m x 1.0 m sampling frame.  
Only aboveground plant parts were used for 15N natural abundance analysis. 
All samples were oven-dried at 70°C for 48 hours, milled at <0.1 mm, and analyzed for 
N isotope ratios in duplicates at the Institute of Crop Science and Resource Conservation, 
Department of Plant Nutrition, University of Bonn, Germany, using an ANCA-SL 2020 
mass spectrometer.  The share of N derived from the atmosphere (%Ndfa) was 
calculated as follows: 
 
%Ndfa = 
𝜹𝟏𝟓𝑵 𝒐𝒇 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒑𝒍𝒂𝒏𝒕−𝜹𝟏𝟓𝑵 𝒐𝒇 𝑵𝟐 𝒇𝒊𝒙𝒊𝒏𝒈 𝒍𝒆𝒈𝒖𝒎𝒆 
𝜹𝟏𝟓𝑵 𝒐𝒇 𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒑𝒍𝒂𝒏𝒕−𝑩
 𝑿 𝟏𝟎𝟎 
(Unkovich 2008)           (4.1) 
 
N fixed = 
%𝑁𝑑𝑓
100
 X legume N (kg ha-1) (Amanuel et al. 2000)                    (4.2) 
 
A “B-value” of 3.5 (natural isotopic discrimination) was applied for the 
mungbean. The belowground N contribution was estimated by multiplying the 
aboveground N with a factor of 1.5 as suggested by People et al. (1989). Soil samples (0-
20 cm) were collected at the end of each experiment and analyzed after bicarbonate 
extraction (NaHCO3, pH 8.5) for soil available P by the Olsen method.  All samples 
represented composites from 5 sampling points per plot. Fresh samples were air-dried 
for 5-7 days, sieved through a 2 mm-sieve and analyzed in duplicates at the Institute of 
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Crop Science and Resource Conservation, Department of Plant Nutrition, University of 
Bonn. Determined parameters and methods used are presented in Chapter 2. 
 
4.3 Results  
4.3.1 Mungbean performance  
The application of P had a significant effect on legume performance (Table 4.2). The 
biomass of mungbean amended with P was 0.6 (2013) and 1.1 (2014) Mg ha-1 compared 
to 2.2 (2013) and 0.8 (2014) Mg ha-1 without added P. The total N accumulation and the 
shares and amounts of N derived from biological N2 fixation also strongly responded to 
applied P in both years (Table 3). Thus, 10 kg P ha-1 increased the N2 fixation from 17 % 
to 36 % Ndfa compared to the non-amended green manure. However, the total amount 
of N2 fixed from the atmosphere was only 21 and 9 kg ha-1 for P-treated and non-P 
treated mungbean. In the absence of P application, mungbean yielded no grain in 2013 
and only 0.27 Mg ha-1 in 2014. With P, grain yields ranged from 2.7 (2013) to 4.0 (2014) 
Mg ha-1. 
 
4.3.2 Rice performance 
The rice grain yields were around 4.0 Mg ha-1 in 2013 and 3.0 Mg ha-1 in 2014, 
irrespective of whether mineral P was supplied to the green manure or directly to the 
rice (Figure 1). Phosphate strategies have significant effects on rice grain yields. The 
subsequent rice yield was higher when P was applied to the pre-rice grain legume where 
which residues were incorporated after grain harvesting. However, when all residues 
were removed (forage treatment), application of P to the legume slightly decreased the 
rice yield. Furthermore, the residue management (legume biomass returned or partially 
removed) showed no significant effects in 2014 (3.2 Mg ha-1), except in treatments 
where all residues were removed (2.8 Mg ha-1). 




                                       (2013)                                                                               (2014) 
Figure 4.1  Rice yield with phosphorus (P) applied to legume (only indirect 
contribution to rice upon residue incorporation) or directly to the 
succeeding rice crop 
 






-P +P -P +P 
1000-grain weight n.a n.a n.a 67 65 n.s 
Dry biomass1 (kg ha-1) 160 621 * 781 1090 ** 
Plant height (cm) n.a 18 n.a 25 25 n.s 
Grain yield (kg ha-1) 0 273 n.a 266 404 ** 
Sig. = significant difference by Least Significant Difference (LSD), with P < 0.01 as *, and 0.01 < P < 0.05 
as **. 1both root and aboveground biomass  
 
The available P in the soil after rice harvest varied from 0.10 to 2.32 mg kg-1. 
The combined use of green manure and FYM under both P strategies (green manure + 
FYM – P and green manure + FYM +P) did not show a significant difference in available 
P (Table 4.4). In 2014, the available residual soil P was higher when P had been applied 
to rice rather than to mungbean. Residue management yielded no significant differences 
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Table 4.3  Biological nitrogen fixation (%Nfda) of mungbean with mineral P and 
without mineral P in 2013 and 2014 
Year Fertilizer 
application 
N in mungbean 
(kg ha-1) 
%N from N2 
fixation (%Nfda) 
Total N fixed 
(kg ha-1) 
2013 
+ P - - 101 ± 3.90 
-P - - 11 ± 0.95 
2014 
+ P 34 ± 4.8 36 ± 2.6 21 ± 2.60 
- P 23 ± 2.2 17 ± 1.7 9 ± 0.04 
1 Estimation of total N fixed is based on N in mungbean and %Nfda measured in the experiment 2014 
Value is the mean ± standard deviation (SD) 
 
Table 4.4  Effect of legume residue management and P fertilizer on soil-available P 











Green manure + FYM + P 1.09 






Green manure  + P 0.62 cd 
Grain legume + P 0.10 cd 
Forage legume + P 0.41 d 
Green manure - P 2.32 abc 
Grain legume -P  2.26 abc 
Forage - P 1.88 bcd 
Significance: 
P application  
** 
** 
Residue management n.s 
FYM = farmyard manure; Avail. P: Olsen 
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4.4 Discussion  
4.4.1 Mungbean performance  
The significant effect of P on dried green manure biomass and grain yield was observed 
for both years. Similar effects of applied P on total biomass and grain yield of mungbean 
were reported by Malik et al. (2003) and Chaudhary and Fujita (1998). Hayat et al. (2008) 
found that with the P amendment, the nodulation, shoot dry matter, grain yield and N 
concentration of mungbean was higher compared to non-P fertilization. Similarly, 
Bhuiyan et al. 2008 reported increasing stover and grain yield of mungbean with P 
application. Grain yield response to P application was also reported (Sharma and Prasad 
2011). There are also reports on the effect of P on grain yield and other parameters of 
mungbean (Ahmad et al. 2015; Jan et al. 2012; Sharar et al. 1999) . A positive response 
of shoot biomass to the application of P was also reported by Pereira and Bliss 1987. 
With P amendment, grain and biomass yields of 3.4 and 0.7 t ha-1, respectively, were 
reported (Jan et al. 2012). 
It is known that P is a part of the plant components like nucleic acids, 
phospholipids and ATP (Schachtman et al. 1998). Higher biomass amount with P 
application was probably the result of photosynthetic activity caused by P application.  
Compared with other legumes such as mashbean and soybean, mungbean responded 
with an increase in crop P uptake even at much lower P application rates of 12.5 kg P ha-
1 (Chaudhary and Fujita 1998). Such strong responses to applied P were hypothesized to 
be related to an exceptionally high root exudation rate in mungbean (Singh and Pandey 
2003). Likewise, Gunawardena et al. (1992) reported that mungbean strongly increased 
P uptake at increasing P application rates and translocated most of the absorbed P into 
the leaves. There, P contributes to an enhanced leaf area, thus further stimulating the 
photosynthetic activity (Chaudhary and Fujita 1998). The increase in N accumulation 
with P amendment (Chaudhary and Fujita 1998) is yet another factor contributing to the 
reported enhanced photosynthetic activity of mungbean. Naeem et al. (2006) reported 
that the application of P enhances the P content in the seed, which in turn may increase 
seed weight and early vigor.  
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The grain yield obtained in the experiments was comparable to that in other 
studies in Cambodia. Bunna et al. (2011) conducted an experiment on the use of mulch 
on post-rice mungbean producing the grain yields ranging from 182 to 638 kg ha-1. Cheth 
(2011) obtained an average mungbean yield of 425 kg ha-1. The average yield of up to 
1.6 Mg ha-1 of mungbean as pre-rice crop was reported by Polthanee et al. (2012) on 
sandy soil in Thailand, which was higher than obtained in Cambodia. This may be due to 
the better soil characteristics because, compared to the soil in this study, their soil had 
higher available P at 6.7 mg kg-1 and also higher total N at 0.038%. The use of farmyard 
manure in their experiment may also have contributed to the higher yield.  
Fukai et al. (2013) reported that grain yield of post-rice mungbean varied 
between 47 and 1160 kg ha-1 on the shallow Prateah Lang sandy soil, and 216-1340 kg 
ha-1 on the deep Prey Khmer sandy soil. The range was similar with 202-1485 kg ha-1 in 
the experiment conducted by De Costa et al. (1999). Webber et al. (2006) obtained yield 
and aboveground biomass of 0.5-1.0 Mg ha-1 and 2.1-5.6 Mg ha-1, respectively. Pannu 
and Singh (1993) reported a variation of mungbean grain yield and aboveground 
biomass in the range of 0.8 to 1.6 Mg ha-1 and 2.5 to 4.9 Mg ha-1, respectively. Low yields 
of mungbean grown under lowland rice conditions have frequently been reported. The 
establishment of mungbean under such conditions is restricted by the soil physical and 
chemical conditions. For example, it is difficult for the mungbean roots to penetrate the 
soil due to hard pan (Bunna et al. 2011), soil fertility is low (Fukai and Ouk 2012).  
 
4.4.2 Biological nitrogen fixation (BNF) 
The application of P at rates as low as 10 kg ha-1 significantly stimulated the biological 
N2 fixation (%Nfda). This %Nfda in the deep sandy soil was however very low, with a 
stimulation of only 26 % compared to no-P application.  Phosphorus is one of the most 
limiting nutrients for crops in many low-input agricultural systems (Ramaekers et al. 
2010), and many studies have pinpointed the role of P on N2 fixation of leguminous 
plants (Israel 1987). Thus, the response of mungbean to applied P has been widely 
reported (Bhuiyan et al. 2008; Chaudhary and Fujita 1998; Hayat et al. 2008; Malik et al. 
2003). The differences in N2 fixation (%) could be attributed to the application of P to 
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low-P soil. Available P in the experimental deep sandy soil was low. Under P-deficient 
soils, Gunawardena et al. (1992) reported that N2 fixed (Ndfa) of mungbean increased 
with P application by the range of 46 to 66 %, which was higher than observed in this 
study. Hayat et al. (2008) also reported an increase in N2 fixed (%) affected by P 
fertilization at 80 kg ha-1, ranging from 32 to 57 %, equivalent to 17 to 58 kg ha-1 of N2 
fixed. The finding suggests the importance of P amendment for improved N2 fixation. 
The results indicate that P deficiency is a limiting nutrient not only for mungbean grain 
yield, but also for N2 fixation.  The increase in shoot biomass corresponded with both 
percent of N2 fixed and total N2 fixed (Ankomah et al. 1996). The higher N2 fixation was 
the main factor affecting the increase in grain yield.  
 
4.4.3 Rice response 
In both years, the higher rice yield when P was applied to the pre-rice grain legume 
(legume biomass partially removed) compared to the yield when P was applied directly 
to the rice may be the result of additional N from the biological fixation by the P-
amended grain legume even though P was not applied to the rice in this case. The 
mungbean with applied P generally performed better and fixed higher amounts of N 
compared to the mung bean not treated with P. In the experiment in 2013, the 9 kg P 
ha-1 derived from FYM applied on wet-season rice may be sufficient to replace the 
recommended P (4 kg P ha-1). Nuruzzaman et al. (2005a) reported that the legume 
(green manure) used P for its growth. In addition to this, P applied to mungbean may 
have a residual effect on the receding rice crop (Pheav et al. 2003). The incorporated 
biomass of mungbean may also have been able to enhance soil-available P for plant 
uptake (Randhawa et al. 2005) either from the P stored in the soil or from the residual 
P. Nuruzzaman et al. (2005 a&b) reported that the subsequent crop had a better P 
uptake with the receding legume crop. Zhang et al. (1994) also reported an increase in 
the organic P faction with green manure amendment. Also, residual P from the green 
manure period may have been available to the following rice crop (Pheav et al. 2003). 
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4.4.4 Residual available soil P 
The P application directly to rice was higher compared to the application to green 
manure. However, statistically there was no significant difference in the experiment in 
2013, while there was in the experiment in 2014. Even though a residual effect of P was 
reported by Pheav et al. (2003), the large amount of P applied to the first crop was most 
likely used by the mungbean crop as shown by the response of green manure to P 
amendment in this study (Table 4.2). This agrees with findings of Malik et al. (2003), 
Chaudhary and Fujita (1998), and Hayat et al. (2008). Nuruzzaman et al. (2005a) 
reported that legumes may mobilize P through root exudates for their own growth, and 
this P is stored in the aboveground biomass (Braum and Helmke 1995) and then in 
organic P pools (Friesen et al. 1997). This organic P fraction was not detected by Olsen 
extraction as used in this study, but it may be mineralized over longer periods of time.  
 
4.5 Conclusions 
The results of this study show that there was a clear effect of P in both legume green 
manure performance and N2 fixation. Even though only a low amount of N2 was fixed by 
the legume, it maintained its ability to fix N2.  Therefore, legume in this study was 
restricted by soil-P deficiency. To cope with this, the supply of P enhances legume 
growth, yield and N2 fixation compared to non-P legumes. Under deep sandy soil 
conditions and amendment with P at 10 kg ha-1, N2 fixation (36 %Nfda) was more than 
twice that of non-P legumes (17 %Nfda), i.e., 21 kg N2 ha-1 and 9 kg N2 ha-1.  Although 
the performance and grain yield of the legume on the deep sandy soil was low, values 
are in the range reported in Cambodia. The low N2 fixation under these conditions 
suggests there are some restrictions.  Application of P improved the pre-rice legume and 
the atmospheric N2 fixation. Thus, application of P to the first pre-rice legume may be a 
better option, rather than direct application of P to the subsequent rice crop. Both P 
strategies produced comparable rice yields. Furthermore, the rice yield was even higher 
when the legume biomass was partially removed (grain legume). Application of P to the 
pre-rice legume offers enhanced grain yields as an economical bonus. 
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5 RICE YIELD RESPONSE TO DIFFERENT FERTILIZER MANAGEMENT OPTIONS 
5.1 Introduction 
Paddy rice (Oryza sativa L.) occupies around 90 % of the global rice-growing area (Buresh 
and Haefele 2010). Rice cultivation is one of the main agricultural activities in Cambodia 
and rice is also a vital export commodity. Rice farming systems in Cambodia can be 
differentiated by elevation, soil type and hydrology. Predominating, however, is the 
cultivation of one single crop of rainfed rice during the wet season (August-December) 
on sandy soils in the lowland areas of the country. In some areas, however, the duration 
of the wet season is long enough or the water availability is sufficient to permit the 
growth of another crop directly before or after rice (Fukai and Ouk 2012). The yield of 
rainfed lowland rice is generally low, which is partially related to the low soil fertility. 
Thus, both the deep and the shallow sandy Fluvisols (Prey Khmer and Prateah Lang soils, 
respectively, according to the local soil classification for rice) have low nutrient reserves 
(mainly N and P), low levels of organic matter and low CEC (Seng et al. 2001). The use 
efficiency of applied nutrients to rice is reportedly very low, and the outcome of nutrient 
application strategies is highly variable (Bell et al. 2006). In addition, both soil types are 
moderately to highly acidic. There is a need to tackle the complex fertility problems in a 
comprehensive way that addresses the problems related to low soil-organic carbon and 
low CEC in addition to supplying N and P.  
While several technologies have been developed to counteract soil fertility 
decline and to increase rice yields, smallholder farmers often do not adopt these 
innovations, as performance fails to meet their expectations or the technology 
requirements do not match the resource endowment of the farmers (limitations of land 
and capital, availability of labor). Blair and Blair (2014) stated that although fertilizer 
recommendations have been made, the environmental diversity and uncertainty 
existing in rainfed rice growing areas in Cambodia make it difficult to predict optimum 
fertilizer uses for respective environments. On the other hand, (Wade et al. 1999b) 
reported that grain yield variation is generally high under rainfed lowland conditions. 
Thus, recommended applications of N or NP fertilizers are unlikely to provide a 
significant yield increase in some cases, and farmers are reluctant or simply unable to 
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follow the recommendation. Inaccessibility of the inputs and unavailability of capital and 
sometimes also of labor are important factors affecting technology adoption, which 
differs between farmers and locations. 
It appears crucial to develop fertilizer management options that are adapted 
to the site and systems and specifically targeting the adoption of appropriate technology 
options as a basis for improved N management strategies. Under such production 
conditions, the factors availability of green manure (particularly residues of grain 
legumes) and farmyard manure (FYM) appear to be promising and adoptable options to 
address soil fertility constraints and to contribute to yield increases. Groundnut, 
soybean and mungbean are adapted to lowland conditions on both shallow and deep 
sandy soils (Seng et al. 2008). However, soybean is often affected by insect pests and 
groundnut exceeds the available growth duration. Mungbean, on the other hand, is less 
affected by pests than soybean, has a shorter growth duration than groundnut, and 
hence fits the pre-rice niche in most lowland environments. Farmyard manure is another 
alternative nutrient source, and may be more beneficial compared to mineral fertilizer 
under sandy soil conditions (Hanviriyanpant and Fukai 1997). 
The fact that (a) the P demand of legumes is generally much higher than that 
of cereals, and that (b) the sandy Fluvisols of Cambodia are often P deficient may restrict 
legume performance. This may be overcome by applying the P destined to rice already 
to the legume. Thus, the biological N2 fixation may be stimulated, and the fixed N and 
absorbed P returned with legume residues may benefit the subsequent crop of rice with 
potential longer-term residual effects. The extent of such carry-over effects are likely to 
differ depending on residue management. In this study, we compared a range of mineral 
and organic fertilizer strategies in rainfed rice systems on both deep and shallow sandy 
soils. Treatments consisted of the recommended mineral N rate, FYM application and 
pre-rice mungbean with or without P application and different legume residue 
management options.  
The study assessed P fertilizer management options affecting rice productivity 
in both deep and shallow sandy soils, addressing the following objectives:  
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1) Investigate the effect of legume (residual management and P application strategies) 
and FYM on growth and yield of rainfed lowland rice in Cambodia.  
2) Provide implications of fertilizer management options under low and high rainfall 
intensity in legume establishment.  
 
Table 5.1  Treatments and nutrient application in the field experiment (deep sand)  




Control Bare fallow No N + PK 00/04/302 
Urea 14 Bare fallow 14 kg N + PK 14/04/30 
Urea 281 Bare fallow 28 kg N + PK 28/04/30 
Grain legume-P/FYM+P Mungbean BNF-N2+FYM+10 kg P 61/19/79 
Grain legume+P/FYM-P Mungbean + 10 kg P BNF-N+FYM 70/9/79 
Year 2014 
Control Bare fallow No N + PK 00/04/30 
Urea 14 Bare fallow 14 kg N + PK 14/04/30 
Urea 281 Bare fallow 28 kg N + PK 28/04/30 
Green manure – P Mungbean BNF-N3 + 10 kg P 09/10/30 
Green manure + P Mungbean + 10 kg P BNF-N 21/10/30 
Grain legume – P Mungbean BNF-N + 10 kg P 09/10/30 
Grain legume + P Mungbean + 10 kg P BNF-N (stover) 21/10/30 
Forge legume – P Mungbean 10 kg P 00/10/30 
Forage legume + P Mungbean + 10 kg P None 00/00/30 
FYM = farmyard manure applied basally at a rate equivalent to 60:09:49 kg NPK ha-1; BNF = biologically-
fixed nitrogen 
1 Urea 28 is the recommended N application for deep sandy soils 
2 The K and P rate comprised a basal mineral application of 30 and 04 kg ha-1 as KCl and TSP, respectively 
3 The amount of N derived from biological N2 fixation by the mungbean was estimated at 10 kg N ha-1 for 
treatment 5, and at 1 kg N ha-1 for treatment 4 in 2013, and at 21 kg N ha-1 (with mineral P) and 9 kg N 
ha-1 (no P) in the green manure and grain legume residue management treatments in 2014. In the forage 
legume treatment, all biologically fixed N2 was been removed with grains and stover (only 2014). 
Rice Yield Response to Different Fertilizer Management Options 
51 
 
5.2 Material and methods 
The study area, experimental design, treatment applications and field management are 
described in Chapter 2. In summary, grain yield and yield components affected by 
different fertilizer management options were studied. Options comprised the 
recommended mineral N rate, FYM application and pre-rice mungbean with and without 
P application and different legume residue management. Four field experiments were 
conducted and differed by site (district and sandy soil type – shallow vs. deep) in 2013 
and 2014 in the Tram Kak and Prey Kabas districts in Takeo province of Cambodia (Table 
5.1 and 5.2). Early wet-season rainfall varied between years and sites, where extreme 
rainfall during legume establishment was observed in 2013 affecting legume growth. 
Therefore, the fertilizer management options applied in each experiment were flexible 
and adjusted to available-resources.  
 
Table 5.2  Treatments and nutrient application in the field experiment on the 
shallow sandy soil 
Treatment Pre-rice period Wet season NPK (kg ha-1) 
Year 2013 
1. Control Bare fallow No N + PK 0/10/252 
2. Urea 25 Bare fallow 25 kg N + PK 25/10/25 
3. Urea 501  Bare fallow 50 kg N + PK 50/10/25 
4. FYM -P Bare fallow FYM3 – P + K 60/17/89 
5. FYM +P Bare fallow FYM + PK 60/7/89 
Year 2014 
2. Forage legume + Urea 501 Mungbean + FYM4 BNF-N5 + 50 kg N + PK 50/10/25 
3. Grain legume – Urea Mungbean + FYM BNF-N + PK 78/10/25 
4. Grain legume + Urea 50 Mungbean + FYM  BNF-N + 50 kg N + PK 128/10/25 
1 Urea 25 is the recommended N application for shallow sandy soils 
2 The P and K rate consists of a basal mineral application of 10 kg P ha-1 and 25 kg K ha-1 as TSP and KCl, 
respectively.  
3FYM (2013) = farmyard manure applied basally at the rate equivalent to 60:07:64 kg NPK ha-1. 
4 FYM = farmyard manure applied basally to pre-rice legume at the rate equivalent to 78/09/83 kg NPK  
ha- 1 
5 BNF-N = amount of N derived from biological N2 fixation by mungbean was estimated at 78 kg N ha-1.  In 
the forage legume treatment, all biologically fixed N2 was removed with grains and stover.  
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5.2.1 Rice data collection 
Rice yield and harvest index (HI) are based on plots measuring 2 m x 2 m in the center 
of the fields. After threshing and weighing, straw samples were weighed and biomass 
determined after oven drying at 70 °C for 48 h (Pheav et al. 2003). Grain yield was 
adjusted to 14% moisture and the weight of straw and grain expressed on a per hectare 
basis. The HI was calculated as:  
 HI = 
𝐺𝑟𝑎𝑖𝑛 𝑌𝑖𝑒𝑙𝑑
𝐺𝑟𝑎𝑖𝑛 𝑌𝑖𝑒𝑙𝑑+𝑆𝑡𝑟𝑎𝑤 𝑌𝑖𝑒𝑙𝑑 
                                (5.1) 
The number of panicles is based on 25 hills per plot converted to number of 
panicles per 1 m2, and the number of grains per panicle is based on 25 random panicle 
samples. The 1000-grain weight is based on three random samples of the grain yield 
from each plot. 
 
5.2.2 Statistical analyzes 
All data were subjected to ANOVA and mean separation was done by Least Significant 
Difference (LSD) test using Statistix (Analytical Software, version 8.0).   
 
5.3 Results  
This chapter presents grain yield and yield components as affected by different fertilizer 
management options. The experiments were conducted in 2013 and 2014 in Tram Kak 
and Prey Kabas district of Takeo province, Cambodia. The rainfall during legume growth 
was higher in 2013 than in 2014, reflecting high and low rainfall scenarios for mungbean 
production.   
Grain yield and yield components responded to different fertilizer 
management options for deep sandy soil and shallow sandy soil (Table 5.3 and 5.4). In 
general, the grain yields of rice ranged from 2.8 to 4.2 Mg ha-1 on the deep and from 4.4 
to 5.4 Mg ha-1 on the shallow soil. On average, the grain yield obtained from the shallow 
sandy soil was higher than that obtained from the deep sandy soil. The analysis of 
variance for grain yield showed that the treatments (applied mineral N, pre-rice 
leguminous crops either under P application or not and residue managements) showed 
significant differences (P < 0.05).  In both soil types, highest yields were obtained with 
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the urea treatment, closely followed by treatments with mineral and organic 
amendment combinations. Yields in all treatments were mainly determined by the 
number of panicles per unit area. Harvest index and other yield components (grains per 
panicle and 1000-grain weight) did not show any significant variation due to treatment 
apart from the experiment on the shallow sandy soil (2014), where variations of grains 
per panicle appeared to have determined the grain yield.  
Across years and soil types, there was significant difference among mineral 
fertilizers where application of N at the recommended rates produced higher rice yields 
than the reduced N rates, indicating that N was a limiting element for both soil types.  
In the deep sandy soil, irrespective of P application and residue management, 
the pre-rice legume did enhance rice yield above the non-amended control but not 
above the recommended mineral N application rate of 28 kg ha-1 (Table 5.3, 2014). If P 
was applied to mungbean instead of the subsequent rice, the legume residue 
incorporation produced higher rice yield than when P was applied directly to rice. The 
rice yield obtained from the ”grain legume + P” treatment was comparable to that with 
N application at the recommended rate. In the  ”green manure” treatment, there was 
no significant difference in rice yield whether P was applied to the pre-rice legume or 
directly to wet-season rice. Both treatments showed lower rice yields than with the 
recommended mineral N rate. This shows it is more important to apply P to the grain 
legume (residue incorporation after grain collection) than to the green manure 
(incorporation at podding stage). The lowest rice yield was observed in the ”forage 
legume” treatment (residues removed after grain collection), and was statistically 
comparable to that of the control treatment.  
While in the case of FYM application with incorporation of the P-amended 
legume (grain legume+P/FYM-P) the rice yield was significantly the highest, it was 
statistically comparable to that of the recommended N application (Table 5.3, 2014).  
In summary, rice grain yields in deep sandy soils responded to organic N when 
this was applied in combination with urea compared to the no-urea treatment. Among 
the organic treatments (FYM vs. legume), when P was applied to legumes in the ”grain 
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legume” and ”grain legume + FYM” treatments, the grain yield was comparable to that 
with the recommended N application. 
Table 5.3 Effect of fertilizer treatments on grain yield and yield components of rice in 
the deep sandy soils  
TGW: Thousand grain weight in grams 
Different letters in a column denote significant differences at P < 0.05 by Least Significant Different (LSD). 

















Control 2.99 c 0.47 179 c 88 29.6  
Urea 14 3.18 bc 0.51 219 b 94  29.6  
Urea 28 3.74 ab 0.49 253 ab 93  28.3  
Grain legume-P/FYM + P 3.53 bc 0.48 238 b 91  30.2  
Grain legume+P/FYM - P 4.21 a 0.51 325 a 93  30.1  
Significance * n.s ** n.s n.s 
2014 
Control 2.82 ef 0.53 226 ef 81 30.7 
Urea 14 3.17 bc 0.53 263 b 79 30.9 
Urea 28 3.45 a 0.48 271 a 81 30.8 
Green manure – P 3.11 cd 0.55 234 cd 83 30.3 
Green manure + P 3.14 cd 0.55 255 c 79 30.0 
Grain legume – P 3.06 cde 0.54 223 f 86 30.8 
Grain legume + P  3.42 ab 0.55 269 ab 74 30.8 
Forge legume – P 2.91 def 0.55 223 f 89 30.3 
Forage legume + P 2.80 f 0.55 232 de 79 30.1 
Overall significance  ** n.s ** n.s n.s 
 Residual managements (Sig.) ** n.s ** n.s n.s 
P (Sig.) n.s n.s n.s n.s n.s 
Residual managements X P n.s n.s n.s n.s n.s 
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Table 5.4  Effect of fertilizer treatments on grain yield and yield components of rice in the 













Control 4.18 c 0.55  214 c 95 30.40 c 
Urea 25 4.70 b 0.49  238 b 89 31.28 ab 
Urea 50 5.43 a 0.51  289 a 94 31.43 a 
FYM -P 4.71 b 0.50  243 b 89 30.65 bc 
FYM+P 4.86 b 0.49  239 b 100 30.75 bc 
Significance  ** n.s ** n.s * 
2014 
Forage + urea 50 5.10 a 0.47  310 a 107 a 30.45 a 
Grain legume - urea 50 4.61 bc 0.47  267 b 100 bc 30.58 a 
Grain legume + urea 50 4.83 ab 0.47  283 ab 97 c 30.35 a 
Significance * n.s ** ** n.s 
TGW: Thousand grain weight in grams 
The same letters in each column are not significantly different at P < 0.05 as determined by Least 
Significant Different (LSD). ** and * indicates significance at P < 0.01 and 0.01 < P < 0.05 respectively.  
 
On shallow sandy soils, the application of mineral N as recommended (50 kg N 
ha-1) yielded more rice than organic treatments (FYM) (Table 5.4, 2013). There were no 
significant effects whether FYM was applied to rice, or whether P was applied or not 
(”FYM-P” or ”FYM+P”). In 2014, growing pre-rice mungbean combined with an 
application of recommended mineral N to rice produced the highest grain yield (Table 
5.4, 2014). Yield effects were mainly associated with the number of of grains per panicle 
rather than the number of panicles per unit area.  
 
5.4 Discussion  
In some cases, the treatments in the experiments differed within soil type. The fertilizer 
treatments were modified and adapted to the site- and system-specific target of the 
adoption of appropriate technology options. For instance, in 2013 rainfall intensity was 
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high during legume establishment. Farmyard manure was used as a main source of N 
because leguminous green manure (mungbean) could not be established on the shallow 
sandy soil. On the deep sandy soil, crop performance was poor. On this soil, in 2014 
mungbean was applied as green manure, grain and/or forage crop, both with P and 
without P. Due to the different locations, soil types and treatments, the statistical 
analyses focused on the individual case and the general trend for each fertilizer 
management option. 
 
5.4.1 FYM application  
The use of FYM significantly increased the rice yield compared to the control treatment 
(no urea). When the effect of FYM is compared with that of the recommended N 
application, the response of rice yield to FYM was dependent on soil type. In general, 
the rice yield responded better to FYM on the deep sandy soil than on the shallow sandy 
soil.  
On the deep sandy soil, P-amended green manure combined with FYM (green 
manure+P/FYM-P) tended to produce highest rice yield compared to the recommended 
N ”urea 28”. This was due to the highest panicle number per unit area. Combination of 
FYM and green manure (under both P strategies) showed a statistically comparable rice 
yield to that with the recommended N rate.  It was observed that the contribution of N 
from green manure was small due to poor performance (1 kg and 10 kg N2 fixed for 
mungbean and P-amended mungbean, respectively). Thus, N was mainly derived from 
FYM. However, FYM application either with P or without P on the shallow sandy soil 
produced lower rice yields than with the recommended N rate. The treatment ”grain 
legume+P/FYM-P” produced the highest rice yield; FYM was applied at the rate of 60 kg 
N ha-1. The pre-rice grain legume applied with P fixed 10 kg N2 ha-1. Overall, the N 
received by rice in this treatment was 70 kg N ha-1. Farmyard manure contributed 9 kg 
P ha-1, which was beyond the recommended P for wet-season rice (4 kg P ha-1). In this 
treatment, P was not applied directly to the rice, but to the preceding legume. Even 
though the legume used the applied P for its growth (Nuruzzaman et al. 2005a), the 
residual effect of P may have resulted from the previous grain legume period. Pheav et 
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al. (2003) reported that P application has a residual effect on the next crop. In the 
present study, the rice crop may have benefited from this additional residual P. Despite 
the poor performance of the legume, organic-P mineralization could also have increased 
with the legume residue, resulting in the enhancement of soil-available P to the rice 
uptake (Randhawa et al. 2005). Nuruzzaman et al. (2005a&b) also reported that the 
certain legume crops contributed to a better uptake of P of the subsequent wheat crop. 
Considering the contribution of inputs (N and P) and better P availability, the “grain 
legume+P/FYM-P” treatment led to a higher rice yield than with the recommended N 
rate and the ”grain legume-P/FYM+P” treatment. In the “legume-P/FYM+P” treatment, 
the contribution of N to the rice was 61 kg N ha-1 (60 kg N ha-1 from FYM and an 
additional 1 kg N ha-1 from the pre-rice green manure without P application). Rice yield 
in the ”grain legume-P/FYM+P” treatment was more or less comparable to that of the 
recommended N treatment. However, this ”grain legume-P/FYM+P” treatment 
produced a significantly lower rice yield than “grain legume+P/FYM-P”. This may have 
been due to the advantages of higher N inputs and better green manure performance, 
which probably also led to better P availability in the ”grain legume+P/FYM-P” compared 
to the ”grain legume-P/FYM+P” treatment.  
On the shallow sandy soil, application of FYM (60 kg N ha-1) with P and without 
P to wet-season rice produced significantly lower panicle numbers per unit area, thus 
resulting in a lower rice yield than with the recommended N application treatment (urea 
50). However, the rice yield obtained with FYM addition was significantly comparable to 
that with 50% of the recommended N (urea 25). The recommended NPK for shallow 
sandy soil (50:10:25 NPK kg ha-1) is generally higher than for deep sandy soil. Application 
of FYM supplied 60 and 7 kg ha-1 of N and P, respectively. In the”FYM+P” treatment, an 
additional 10 kg ha-1 of mineral P was applied. The contribution of PK from both FYM 
treatments was more or less comparable to the recommended PK in the “urea 50” 
treatment. Due to the slow FYM decomposition in the short-term period (Levi-Minzi et 
al. 1990), the N and P available to the rice crop may not have been higher than the 
mineral N and P in the “urea 50” treatment. The treatment”FYM+P” tended to produce 
a higher rice yield than ”FYM-P”, but statistically rice yields were comparable. The 
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difference in both treatments is additional mineral P.  The FYM provided 7 kg P ha-1 to 
the rice crop, which was lower than the recommended dose P of 10 kg ha-1. However, 
additional P could have been from the previous season fertilization as residual P. It was 
reported that, like elsewhere in the study region, P fertilizer was applied to the 
experimental fields in the previous season prior to the start of the experiment start, 
mainly through ammonium phosphate (DAP). Pheav et al. (2003) reported that P 
fertilizer had a residual effect on the next crop and recommended not to apply P to every 
single crop. The rice crop may have benefited from this residual P. This residual P may 
have been available in the organic P fraction, but not detected by Olsen extraction. The 
organic P fraction, which could be increased with organic matter supply (Zhang et al. 
1994), can be easily available to the plants (Mo et al. 1991). Thus, addition of mineral P 
did not increase the grain yield. 
Because of the small benefit of the legume residue in the ”legume-P/FYM+P” 
treatment in the deep sandy soil, this treatment can be cross-compared with FYM 
treatments on shallow sandy soil. The rice yield responded to FYM better on the deep 
sandy soil than on the shallow sandy soil.  
 
5.4.2 Mungbean residual management and P application strategies  
Irrespective of P application, the removal of the mungbean residue (forage legume) prior 
to the wet-season rice produced the lowest rice yield among the three residual 
management strategies (green manure, grain legume, forage legume) in the deep sandy 
soil. The low rice yield was identified by lowest panicle number per unit area. It is known 
that without the return of green manure residues, with P application or without, soil 
organic matter is lost from the system (Singh et al. 2007). The advantages of 
incorporating green manure or grain legume residues to benefit a subsequent crop of 
rainfed lowland rice has been reported by Suriyakup et al. (2007). The findings of the 
present study agree with those reported by Sharma and Prasad (1999) indicating that 
after the incorporation of mungbean residues, the rice yield was significantly higher 
compared to fallow before rice.  Even though the legume was grown as pre-rice crop, it 
was not beneficial if the residue was removed. The advantageous effects of legume 
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residue incorporation may be attributed to the increase in organic matter and total N in 
the soil (Mandal et al. 2003). The treatment “grain legume” residue incorporation led to 
the highest rice yield provided P was also applied to the legume crop; it was comparable 
to the yield obtained with the recommended N application. This was not the case for 
the “green manure” treatment (incorporation of residues at podding stage). No 
significant difference in rice yield was obtained from the incorporation of residues in 
both “green manure+P” and ”green manure-P”. Hirpa et al. (2013) reported 
incorporation may be at any growth stage with highest biomass and N accumulation. 
The results show the importance of P for legumes where residues were buried at the 
maturing stage. Suriyakup et al. (2007) reported that whether mungbean residues were 
incorporated during flowering stage or after grain harvest had a similar effect on the 
subsequent rice yield, but the total N return into the soil from residues at the maturing 
stage was even higher than that at the flowering stage. Legume applied with P (grain 
legume) fixed 21 kg N ha-1 and produced higher biomass than without P (grain legume-
P). Residues of ”grain legume” may have contributed to reducing the N losses, thus 
conserving the soil N for plant nutrition (Linquist et al. 2007). Panda et al. (1994) 
reported that NO3- leaching was generally low with green manure amendment. NH4+-N 
from organic manure could have accumulated more than NO3- under anaerobic 
conditions, while rice plants prefer NH4+ to NO3- (Aulakh et al. 2000b). 
In the shallow sandy soil, incorporation of legume residues did not show any 
significant difference whether urea was applied to wet-season rice or not. This shows 
that when the legume residues were buried, the legume crop contributed N through 
biological fixation, which provided sufficient N to the subsequent rice crop. In this case, 
the recommended urea is not needed. The N fixation in this soil was 78 kg N ha-1. While 
the recommended N is generally 50 kg ha-1, 78 kg N ha-1 fixed by the legume may have 
been sufficient for the crop-N demand. However, the grain yield obtained from “legume 
urea 50” tended to be lower than ”forage + urea 50” (residue was removed) as a result 
of decreasing panicles per unit area. This could be explained by the oversupply of N 
when the legume residues were buried and supplemented with the recommended NPK. 
The oversupply of N led to sterile grains, thus reducing the grains per panicle 
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(Dobermann and Fairhurst 2002). Peng et al. (2010)  and Lin et al. (2007)reported that 
the excessive N input could cause rice crop lodging, thus decreasing the grain yield.  In 
this study, lodging occurred when legume residues were incorporated with full NPK 
application to rice. Here the rice crop received N from both mineral fertilizer (50 kg N 
ha-1) and legume N2 fixation (78 kg ha-1), in total accounting for 128 kg N ha-1.  
The results show a residual effect of mungbean at the maturing stage on the 
rice yield on the deep sandy soil provided P was applied. The response of rice yield to 
legume residue incorporation showed the ability of the legume to provide N through N2 
fixation. During one crop season, mineralization of most of the decomposable carbon 
fractions of the green manure could occur. The decomposition process is quite fast if 
sufficient soil moisture is available (Aulakh et al. 2001). Assuming that the C/N ratio of 
mungbean in this study was 15.9 as determined by Das et al. 1993, the mineralization of 
the incorporated green manure was even faster that reported by Aulakh et al. (2001). 
This is assuming that N from the legume could have been mineralized to NH4+, and this 
available N was rapidly released after the incorporation of the green manure (Nagarajah 
1988). This could explain the response of rice yield to legume residue incorporation.  
Overall, grain yield obtained from the shallow sandy soils was higher than that 
obtained from the deep sandy soils. The deep sandy soil has sandy material deeper than 
1 m, and is thus prone to high percolation and drought. In the experiments, however, 
water was not limiting. Thus, leaching of N (and other nutrients) may have been the 
cause of the lower productivity than on the deep sandy soil (Bell and Seng 2005). This 
was also probably the reason for the better response of rice yield to organic materials 
(particularly FYM) in the deep compared to the shallow sandy soil.  
 
5.5 Implications  
The experiments aimed at assessing the effect of different fertilizer management 
options, especially integration of pre-rice legume, on rice growth and grain yield. 
Because of uneven rainfall intensity during legume establishment in the two 
experimental years, the performance of the pre-rice legume (mung bean) varied with 
locations and years, resulting in modified and adjusted available-resource options. 
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Therefore, the implications from the experimental results are divided into two cases: 
under high rainfall intensity and low rainfall intensity.  
 
5.5.1 High rainfall intensity during legume establishment (2013) 
In 2013, higher rainfall intensity occurred during legume establishment. In the shallow 
sandy soil, the crop failed to establish due to waterlogging. It is known that legume crops 
are sensitive to waterlogging. However, on the deep sandy soil the crop performed well 
and even fixed a very small amount of atmospheric N2 providing P was applied. High 
rainfall in the early season may not be favorable to legume crops, especially on shallow 
sandy soils. On deep sandy soils, the water from rainfall is not generally retained. In 
contrast, on the shallow sandy soils, the water is retained in the root zone, i.e. in the 
clay-loam subsoil (White et al. 1997), probably causing waterlogging. The poor 
performance of the legume crop on the deep sandy soil and its failure on the shallow 
sandy soil was minimized by the application of FYM to the rice crop. On the shallow 
sandy soil, application of FYM alone at 60 kg N ha-1 (4-7 Mg FYM ha-1) produced a lower 
rice yield than with the recommended N rate. On the deep sandy soil, an acceptable 
legume performance and low N2 fixation is possible provided that P is applied. Without 
P application, the legume is very sensitive to failure even on the well-drained deep sandy 
soil. However, a P-amended legume crop alone may not provide sufficient N from N2 
fixation to fulfill the rice crop demand. A combination with FYM (60 kg N ha-1, i.e. 4-7 
Mg FYM ha-1) can provide a rice grain yield comparable to that with the recommended 
N rate. According to the cattle intensity classification in Asia, the annual N input from 
Cambodian cattle is approximately equivalent to 15 N kg (Gerber et al. 2005; Ly et al. 
2012) . Thus, 4 cattle produced N input equivalent to 60 kg N in one crop cycle. Ly et al. 
(2012) reported a mean number of cattle per farmer in Tram Kak district of 3 to 4. This 
indicates that N accumulation from FYM was 60 kg N ha-1 per year if the farmers owned 
at least 4 cattle. This did not produce a higher rice yield than that with the recommended 
N rate on the deep sandy soils; however, the yield was comparable. On the shallow 
sandy soil, the yield was lower. Application of FYM beyond 60 kg N ha-1 is not likely to 
be possible.  
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5.5.2 Low rainfall intensity during legume establishment (2014) 
Under low rainfall intensity during legume establishment, the legume developed better 
on the shallow than on the deep sandy soil. However, when growing legumes for 
incorporation of residues, P application to the legume crop and not directly to the rice 
may be a good option. The removal of legume residues for use as forage did not benefit 
the subsequent rice crop. The early incorporation of the legume crop did not increase 
the subsequent rice grain yield over incorporation after legume grain harvest. Thus, 
delaying the incorporation until grain harvest provided a beneficial bonus grain. Hirpa 
et al. (2013) observed that early incorporation of the legume crop did not contribute to 
the growth and yield of the subsequent maize crop, probably due to the N leaching 
losses before the nutrient was taken up by the subsequent crop. On the shallow sandy 
soil, the legumes performed the best. High biomass was achieved and N2 fixation was as 
much as 78 kg N ha-1. Here, FYM was applied prior to the legume crop.  
Under these conditions, two conclusions can be drawn from the findings:  
1) When farmers apply the recommended NPK to the wet-season rice, the legume 
residues can be removed for forage. Without this removal, the rice crop may face 
excessive N resulting in crop lodging.  
2) The incorporation of legume residues can save N input through urea, thus the farmers 
need only to apply the recommended PK.   
 
5.6 Conclusions  
Fertilizer management options are generally driven by rainfall intensity during legume 
establishment and FYM availability, thus fertilizer strategies should be adjusted and 
managed accordingly. Integration of pre-rice legume crops as green manure is possible 
provided that waterlogging does not occur during the dry-wet transition period (legume 
establishment), especially during April and May, and that P is applied to the legumes. In 
this study, incorporating P-amended legume residues at the maturing stage after picking 
the grain produced rice yields in both soil types comparable to those with the 
recommended N application (mineral P and P-amended FYM on deep and sandy soils, 
respectively). 
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Besides residues, the legume provides economical grain yields. The N2 fixation 
determined by the ``15N natural abundance” method at five experimental locations 
varied from 0 to 78 kg N2 ha-1 (Table 5.1 and 5.2). High N2 fixation was mainly observed 
in the low rainfall intensity year (2014). Under high rainfall intensity (2013), the legume 
suffered from waterlogging. Therefore, erratic rainfall is still the most challenging factor 
for legume cultivation in the early wet season. Under severe waterlogging conditions, 
FYM is another potential N source. If the farmers own 4 cattle, the N inputs (60 kg N ha-
1) could produce rice yields comparable to those with the recommended N rate on deep 
sandy soils, but not on shallow sandy soils. Since N input from FYM beyond 60 kg N ha-1 
may not be possible, FYM cannot compete with the recommended N rate on shallow 
sandy soils. 
Compared to FYM, legume residues provided better agronomic benefits (both 
N input and grain yield). If some agronomic constraints are solved to maximize crop 
growth and yield, pre-rice legumes would improve the rice production system through 
their N2 fixation ability and diversification purposes. Measures to minimize the risks for 
the legumes due to waterlogging could be, for example, construction of fallow raised 
beds and drainage. This needs further study. 
The results of this study show that indigenous soil P or supplemented fertilizer 
P play an important role in the enhancement legume performance, mainly by 
stimulating biological N2 fixation. This confirms the initial research hypothesis. The 
recommended P for rice could be applied to the pre-rice legume for better performance 
and N2 fixation. In return, the incorporation of legume residues would benefit the 
subsequent rice crop, thus outweighing the effect of P directly applied to rice. 
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6 FARMERS´PERCEPTION OF LEGUMINOUS GREEN MANURE  
6.1 Introduction 
Infertile sandy soils are a major constraint to rainfed lowland rice production in 
smallholder systems of Cambodia. Particularly low N and P (and in some instances also 
sulphur) limit yields (Seng et al. 2001). In the lowland areas of the country, mostly a 
single crop of rainfed rice is grown during the wet season. Crop diversification by 
inclusion of non-rice crops is a recent development in several parts of Asia, but to date 
nearly absent in Cambodia. Different legumes, but also maize or vegetables can be 
included in the rice-based systems, either in the pre- or in the post-rice niches, provided 
that moisture is available and the growing period of the diversification crops fits the 
length of the cropping niche (Fukai and Ouk 2012). Particularly the inclusion of legumes 
in rice-based farming systems can play an important role in addressing soil fertility 
constraints, in addition to providing protein for human and animal nutrition and sources 
of additional income. Growing legumes for the sole purpose of soil improvement (green 
manure) may be less attractive to low-input farmers than using legumes with multiple 
purposes, such as grain for human consumption or forage for grazing animals (Ali 1999).  
Despite several positive reports concerning legume effects on the yield of a 
subsequent crop or the improvement of resource base quality, the adoption of green 
manure technologies remains low and is even declining in many parts of Asia (Ladha and 
Garrity 1994). The decision to adopt any technology depends on its profitability, but also 
on associated risks and uncertainties. The factors involved in green manure adoption 
are the socioeconomic environment (i.e., market access) and the resource endowment 
of the farmers (i.e., land, labor, capital, and know-how) in combination with the 
efficiency of the technology options to address key constraints or enhance yields (Becker 
2003). Soil water availability (both for the diversification crop, but also water 
competition for the main crop) is another factor influencing adoption in water-scarce 
environments. Green manure species are highly diverse and fit the growing environment 
in different ways. Key agronomic constraints are often the availability of high quality 
seeds, tillage requirements for crop establishment, and the availability of implements 
for biomass incorporation. In addition, it is likely that the adoption of green manure may 
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also be influenced by farmers’ experiences and awareness about uncertainties in the 
outcome of the investments. For example, unpredictable and erratic rainfall during the 
pre-rice niche can be a major disincentive for green manure adoption (Ladha and Garrity 
1994). 
In any case, the key to adoption of any innovation is related to farmers’ 
expectations and perceptions. These differ between farms and will hence result in 
differentiated patterns of reasons and drivers for adoption and non-adoption(Feder and 
Umali 1993).  
The present survey was conducted with the objectives:  1) to investigate the 
current practices of legume integration into rice-based farming systems and farmers’ 
perception of green manure uses, and 2) to identify the constraints and opportunities 
for integrating legumes as green manure into rainfed lowland rice systems of Cambodia. 
 
6.2 Materials and methods 
6.2.1 Survey sites 
The study was conducted in the main rice-growing Takeo province in southern 
Cambodia. Takeo province is one of five provinces with lowland plains and constituted 
in 2002 the major rainfed rice production zone of Cambodia (MAFF, 2013). The districts 
Tram Kak (90 km from the capital city of Phnom Penh) and Prey Kabas (65 km from 
Phnom Penh) were selected for this study. They are both characterized by a prevalence 
of sandy soils, which are the most common soil types for rice production in Cambodia. 
The two districts share similar biophysical, socio-economic and environmental 
conditions as detailed hereafter. 
According to the Köppen-Geiger classification (Peel et al., 2007), the climate of 
the study sites belongs to the Tropical Rainforest type (Af) and is characterized by one 
distinct wet season between May and October and a dry season between November 
and April. Annual rainfall ranges from 1,250 to 1,750 mm (White et al. 1997) with highest 
precipitation occurring in October. The temperature varies from 21°C in November-
January to 35°C in April-May.  The climatic conditions during the field study years (2013) 
are presented in Figure 6.1. 
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 Most lowland areas of the study districts are under paddy rice cultivation 
systems. While one single crop of wet season rice is the most common, two crops per 
year are also possible in some parts of the districts. Most fields are left to bare fallow 
during the dry season. In some cases, short-cycle crops are grown during the short dry-
to-wet season transition period in the pre-rice niche before the onset of the main rainy 
season, or in the post-rice niche using the residual soil moisture after rice harvest. Such 
diversification crops comprise mainly vegetables, mungbean, and maize. In both study 
districts, the most common diversification option in the rice cultivation systems is 
mungbean (Vigna radiate L.), both during the early wet season (pre-rice niche) as well 
as in the early dry season (post-rice niche), provided that soil moisture suffices for 
cultivation or that supplementary irrigation can be provided.  
 
   
(a) (b) 
Figure 6.1  a) Monthly (average 2003-2013)  and b) annual rainfall (sum of monthly 

















































Provincial capital Tram Kak district
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Tram Kak Prey Kabas 
Total land area 
Cultivated area 
Area under wet season rainfed rice (%) 
 54,694 ha 
35,677 ha 
32,322 ha (86) 
26,910 ha 
20,737 ha 
10,419 ha (88) 
Population 
Total number of families 
Number of families engaged in agriculture (%) 








19, 179 (92) 
Source: National Committee for Sub-National Democratic Development (NCDD): Prey Kabas and Tram 
Kak districts data book of Takeo province, Cambodia 2009. Data for 2008.  
 
 
Figure 6.2 Geographic location of the study districts Tram Kak and Prey Kabas 
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6.2.2 Questionnaire design 
A farm survey was conducted to understand the adoption capacity, constraints and 
factors influencing farmers’ adoption of green manure technologies by taking into 
account the feasibility, profitability, interest and perception of farmers. The survey was 
undertaken in the years 2013-2014. It aimed at assessing niches or windows of 
opportunity for the inclusion of green manure technologies into existing rainfed lowland 
rice systems. The survey was undertaken through individual interviews with farmers 
using open-ended questionnaires. Questionnaires addressed issues such as household 
attributes, general resource endowment, agronomic practices, acceptance and 
perception of green manure technologies and the specific availability of land, capital, 
and labor in relation to legume adoption. During the interviews, field observations were 
used to supplement and validate the data and the information collected in the 
interviews.  
The survey was conducted by a researcher and two well-trained assistants. 
While the study was undertaken between December 2013 and the beginning of the wet 
season in 2014, the questions referred to the year 2013.  Prior to the survey, a pre-test 
of the survey questionnaire was undertaken with eight farmers to improve it and to 
facilitate the feasibility of answers.  
 
6.2.3 Interview sampling and procedure 
In consultation with district authorities, the target administrative units (communes) 
were identified. Systematic sampling was used to select the households per commune. 
Prior to the interviews, the local authority in each commune was contacted for 
formalities. The interviews started with a random household near the commune hall as 
a starting point, and the subsequent households selected for interview were after every 
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Table 6.2  Number of sample households selected for the green manure adoption 
survey from each commune in Tram Kak and Prey Kabas districts in 
Cambodia 
District Commune 
Number of interviewed 
households 
Tram Kak 
Tram Kak 11 
Srae Ronoung 10 
Kus 10 
Leay Bour 12 
Samraong 8 
Ta Phem 8 
Otdom Souriya 11 
Popel 8 
Trapeang Thum Khang Cheung 8 
Trapeang Thom Khang Tboung 9 
Cheang Tong 10 
Ou Saray 8 




Prey Lvea 15 
Taing Yab 20 
Kdanh 21 
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The sample size was calculated based on the formula of Magnani (1999) as 
follows: 
 n = D [(Zα + Zβ)2 * (P1(1-P1)+P2(1-P2))/(P2-P1)2] (6.1) 
n = number of households to be interviewed 
D = design effect, which is set to be the default value of 2 
P1 = estimated level of proportion at the time of the survey. It was estimated that 20% 
(0.2) of the farmers grow green manure at the time of the survey. 
P2 = expected level of proportion at some future date. It was predicted that there will 
be a decrease by 10% (0.1) in the number of farmers who grow green manure.  
Zα = 1.645 and Zβ = 1.282  
The levels of significance (α) at 95 and 80% (β) were selected, resulting in 
values of Zα and Zβ at 1.645 and 1.282, respectively. This resulted in a total number of 
at least n = 222 households to be sampled. To account for missing data, a total of 238 
households from both study districts was selected (Table 6.2).  
 
6.2.4 Statistical analysis 
Data were analyzed using the Statistical Package for the Social Sciences (SPSS, version 
22). Simple frequencies and descriptive statistics were generated.  The chi-square test 
detected relationships between selected variables and legume adoption attributes.  
 
6.3 Results and Discussion 
6.3.1 General household characteristics  
In general, the household attributes and the distribution of characteristics were similar 
in both districts, except for the average land size (Table 6.3). In both districts, more 
respondents were female than male, the majority of household heads was 40 to 60 years 
old, and the average household size was >7 family members. The education level of the 
household heads was distributed equally among illiterate, primary, secondary, and 
upper secondary. Most households in Prey Kabas (86%) but only about 50% in Tram Kak 
possess 1-3 rice field plots. The farm size distribution revealed a majority of small-scale 
farmers, where 50% of the respondents owned < 1 ha of land at both sites.  
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As in many other parts of Cambodia, all respondents cultivate rice in the wet 
season. However, in addition to the wet-season rice, around 25% of the farmers in Prey 
Kabas was also engaged in either early wet-season or early dry-season cultivation, but 
only around 15% of the farmers in Tram Kak. Apart from agricultural activities, the 
majority of the households (80%) had off-farm income. However, the main income was 
generated from agriculture (92% of respondents), mainly from rice cultivation. 
Table 6.3  General characteristics of households in the study districts, Cambodia 
1 Respondent answers, based on the top soils  
Variable Description 
Tram Kak Prey Kabas 
%(no.) 
Respondent gender 
Female 64 (72) 57 (71) 
Male 36 (40) 43 (54) 
Age of household head 
 
<39 25 (27) 19 (23) 
40-60 60 (66) 49 (61) 
>60 15 (17) 32 (41) 
Household size 
<= 7 27 (30) 26 (32) 




Secondary and upper  
28 (31) 10 (12) 
31 (34) 41 (51) 
41 (45) 49 (61) 




53 (59) 86 (107) 
34 (38) 14 (18) 
13 (15) 0 




34 (38) 51 (63) 
50 (55) 27 (34) 
16 (18) 22 (27) 
Soil texture1 
Sandy 46 (52) 23 (36) 
Loamy sand 54 (60) 57 (88) 
Rice ecosystem 
Only wet season 71 (81) 51 (63) 
Early-wet and wet season 14 (16) 27 (33) 
Wet season and dry season 13 (15) 23 (28) 
Off-farm job Yes 82 (90) 86 (106) 
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6.3.2  Frequency of non-legume green manure and legume crops 
Out of 238 households, 16% occasionally use non-legume green manures, mainly the 
Asteracaea Chromalaena odorata (locally known as Antreang Khet), which is collected 
from wild stands surrounding the housing areas. One third of the respondents (31%) 
cultivate legume crops. The proportion of legume growers was similar in both study 
districts. Among legume growers, around 50% of the respondents grew legume every 
year during the past 10 years, while other 50% grew legumes only during some of those 
years (Table 4). By far the most popular legume is mungbean (92%), followed by 
groundnut (8%). 
 
Table 6.4  Frequency of use and cultivation of non-legume green manure and 
legume crops  
Variable Application1 
Number of 
 responses (%) 
Crop species (%) 
Non-legume 
green manure 
Used (occasionally)  39 (16) 
Chromalaena 
odorata 
None 199 (84)  
Total 238  
Legume 
Cultivated every year 36 (15) Mungbean: 67 (92) 
Peanut: 6 (8) Cultivated but not every year 38 (16) 
Never 164 (69) - 
Total 238   
1 over the last 10 years 
 
6.3.3 Characteristics of legume growers  
Most farmers used only a portion of their rice fields to cultivate legumes. Thus, among 
legume growers, only about 33% of the rice field areas was under legume cultivation 
(Table 5). The average land size for legume cultivation was 0.27 ha with 50% used to 
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Table 6.5  Characteristics and agronomic practices of legume growers (n = 74) 
Variable Answer Description 
Proportion to total farm size - 32 % 
Land ownership Owned land 99% 
Loan in the production Yes 0.5% 
Mungbean area ha 0.27 (±0.46) 
Labor (domestic) - 2.81 (±0.14) 
Intercropped  Yes 43% 
Fertilizer used Cattle manure 62% 
 Chemical fertilizer 24% 
 No-use 14% 
Average legume yield kg ha-1 169 
Trend of grain yield Increase 67% 
Cultivation method Direct seeding 27% 
 Broadcasting 73% 
 
As part of the legume establishment method, 73% of the respondents used 
broadcasting, while 27% row-planted the legume. While row planting provides higher 
grain yield, it is more labor intensive than broadcasting the seeds (IRRI, 1985 and 1987). 
The current broadcasting practice by the majority of the respondents may explain the 
relatively poor performance and legume crop establishment as suggested before (Fukai 
and Ouk 2012). 
The majority of the farmers (86%) apply fertilizers to the legume, mainly in the 
form of farmyard manure (62%), followed by mineral fertilizer (24%). However, the 
application rates are generally low, as fertilizers are prioritized to the main crop of rice. 
The legume yields in the farmers’ fields were highly variable in 2013, ranging from 80 to 
310 kg ha-1 with an average of 169 kg ha-1.  
Legume seeds are affordable and widely available on local markets (Figure 6.3). 
While farmers recognized that seeds obtained from research institutes have a better 
performance (i.e. the mungbean genotypes CARDI Chey and CMB3), most will obtain 
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seeds from local markets, from neighbors, or reuse their own seeds from the previous 
year’s harvest. Almost 80% of the growers own farm implements (hoes, rakes and 
weeders), and >50% have access to supplementary irrigation. However, a large share of 
the farmers (>50%) claims to face serious problems with the incorporation of crop 
residues, mainly because of the non-suitability of the available draft cattle. 
The majority of legume growers harvest the grain and incorporate the crop 
residue as green manure. Consequently, the purposes for legume cultivation are three-
fold: 1) sole green manure - practiced by only 4%, 2) grain legume with residues 
incorporated as green manure - practiced by 77%, and 3) forage legume with grains 
harvested and residues fed to cattle  - practiced by 19% of interviewed growers (Figure 
4a). This implies that farmers prefer cash crops (grain legume) rather than sole green 
manures. The considerable proportion of legume growers using legume residues as 
animal feed suggests that future legume-based technologies in rice-based farming 
systems will compete with forage uses, and are likely to even further reduce the 
acceptance of green manure practices.  
 
 














(a)       (b) 
Figure 6.4  (a) Purposes for growing legumes; (b) rice-legume cropping patterns (N = 
74). GM= green manure  
 
6.3.4 Growing schedule  
The farmers‘ perceptions of the integration of legumes into the cropping calendar of 
rice-based farming system show that 64% consider legumes in the pre-rice niche while 
only 35% prefer the use of the post-rice cropping niche (Figure 6.4b). Post-rice legumes, 
however, are largely limited to situations where supplementary irrigation water is 
available (Chea et al. 2011). Some farmers argued that the crop always faces drought at 
the later stage when residual moisture after rice harvesting is rapidly diminishing. 
Farmers reported that the pre-rice legumes are prone to fail due to waterlogging rather 
than to drought.  
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Among the legume species, 91% of the respondents perceived mungbean as 
the preferred crop, and 95% actually grow mungbean. Groundnut, cowpea and soybean 
are preferred by only 1% of the legume growers (Figure 6.5a). The preference of 
mungbean by the majority of farmers is related to its short growth duration and 
relatively high market price. Groundnut is less favored due to its longer growth duration 
and high labor demand (Whitmore et al. 2000), while soybean is highly sensitive to insect 
damage (Seng et al. 2008). When asking about appropriate schedules for growing 
legumes, the majority of the respondents replied that April was the ideal month for 
seeding, and thus, most respondents seeded their legumes in this month (Figure 6.5b).  
The common practice is to broadcast the legume seeds when the first rain falls. If there 
is little or no rain during April or May, a delayed legume crop would overlap to the time 
of rice transplanting. In this case, the farmers may not proceed with legume seeding but 
wait for the wet-season rice. In most areas of rainfed lowland rice in Cambodia, rice is 
sown in May to June, which allows rice transplanting in July to August (harvest between 
November and December). Consequently, the available pre-rice niche between the first 
rain and the transplanting of lowland rice is 8-10 weeks. Any delay in the rainfall will 
shorten this niche and increasingly limit the possibility of legume inclusion in the rainfed 
rice-based systems.   
 
6.3.5 Constraints to legume cultivation  
As stated above, legumes are rarely cultivated every year. In years without legumes 
(here only pre-rice legumes), cultivation was mainly constrained by erratic rainfall, 
followed by competition for land and the lack of labor (Figure 6.6). Various reasons were 
mentioned for growing legumes only on small portions of the total rice field area. The 
primary reason was land shortage, as farmers tended to allocate fields first for high-
value crops (mainly vegetables) before using land for green manure. Generally, legume 
cultivation was restricted to field plots close to the homestead.   




Figure 6.6  Reasons for not growing legumes every year (n=33) or using only parts of 
the field area (n =44). Number on radar chart is percentage.   
 
The profitability of legume crops is competitive with other small-scale 
vegetable crops, while lack of labor is becoming a challenge. High labor requirement 
during first establishment and incorporation was perceived to be a major constraint. On 
the one hand, legumes need intensive tillage for better early growth conditions. If the 
family members were available for labor, their interest to invest labor deviated towards 
other enterprises or off-farm jobs. Moreover, most of the rice land sacrificed for 



















Reason for not growing every year (N = 33)
Reason for not growing in the whole field (N = 44)




Figure 6.7 Reasons for not growing legume crops of non-legume growers (n = 164) 
 
Regarding the perceptions of the non-legume growers, lack of labor (31% of 
the respondents) and soil unsuitability (27%) were the main constraints for not 
cultivating legumes. This was followed by other reasons like time consuming, lack of 
inputs, water shortage, off-season crop competences, lack of tools, less benefits and 
distance from home (Figure 6.7). When legumes were not cultivated, 75% of the 
respondents allocated labor to other jobs/activities (Figure 6.8, a), mainly weaving 
(especially in Prey Kabas district). This was followed by cultivation of other crops and 
industrial work (mainly textile). The crops grown were mainly early-wet season rice and 
vegetables on a small scale.  The vegetables included cucumbers, water melon, spinach, 
etc., grown mainly in the dry season with supplementary irrigation or near the early wet 
season. The new short-duration rice variety (IR66) was introduced for the early wet-
season period (May-August) and is cultivated by a considerable number of farmers with 
supplementary irrigation. The non-legume growers were generally not experienced with 
legumes, but consider these as not suitable in lowland soils. The farmers´ perception is 
bound to the traditional rice-growing practice.  















Figure 6.8  a) Proportion of off-farm jobs of non-legume growers; b) types of off-farm 
jobs of non-legume growers (n = 164) 
 
In case labor was available, the interest to invest free time in off-farm jobs was 
higher than to use the labor for green manuring. Pests were generally not considered to 
be a problem.  
It can be summarized that the most important constraint to growing legumes 
in the study area is lack of labor. The labor forces engaged in the agricultural sector 
declined from 56% in 2011 to 49% in 2013, mainly due to the migration for jobs in cities 
or outside the country (MAFF 2015). Around 11% and 6% of the people migrated for off-
farm jobs (company/factory/uncertain jobs) in Tram Kak and Prey Kabas, respectively in 
2010 (NCDD 2010).  
 
6.3.6 Perception of suitability and advantages of legumes  
Among the possible factors favoring the use of legume green manures, farmers 
mentioned the availability of suitable varieties, soil conditions, general climatic 
conditions, and cropping calendar.  The majority of respondents perceive that current 
varieties, soil conditions and climatic conditions are generally suitable for integration of 
legumes into existing rice-based systems (Figure 6.9 a). Farmers generally recognized 
the benefits of using certified seeds.  
The perceived advantages of green manure were related primarily to benefits 
derived from legume residues (Figure 6.10 a). The main advantages stated were reduced 
soil compaction and improved soil fertility (79% of the respondents), followed by the 
increase in rice grain yield (62%). Other advantages were mentioned less frequently, and 
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concerned savings in mineral fertilizer N (31%), income generation (23%) and soil 
structure improvement (5%). A large proportion of the farmers showed an interest in 
growing legumes and the use of legumes as green manure in the future (Figure 6.10 b). 
 
Figure 6.9  Farmers’ perception of the suitability of legumes as green manure 
(multiple answers)   
 
 
Figure 6.10 a) Perceived advantages of green manure use (multiple answers): b) interest 
in growing legumes and their use as green manure in the future  (n = 238) 
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Table 6.6  Relationship of household characteristics with legume green manure 
(GM)  user 
*  **  *** means significance levels at 0.10, 0.05 and 0.01, respectively (chi-squared) 
 
6.3.7 Effect of household characteristics on legume cultivation 
The chi-square analysis (Table 6.6) shows that there was a significant association 
between the number of rice fields per household (0.01<P< 0.05) and the rice farm size 
(0.01<P< 0.05), irrespective of whether legumes were grown. Family size, gender, age 
or educational status of the household head, and the availability of off-farm income 
sources had no significant association with legume cultivation. This suggests that the 
decision whether to grow legume or not is associated with farm size and land-use 
Variable Description 




Family size  
1-5 29.7 70.3 0.444 n.s 
>5 34.8 65.2 
Household gender  
Male 36.6 63.4 0.132 n.s 
Female 27.3 72.7 
Age group 
0-39 22 78 0.088 n.s 
40-60 30.2 69.8  
>60 41.4 58.6  
Education 
Illiterate 41.9 58.1 0.252 n.s 
Primary 26.6 58.4 
Secondary and Upper Secondary 29.5 70.5 
No. of rice fields 
1-4 28 72 0.038* 
>5 44.2 55.8  
Rice farm size 
<0.5 24.8 75.2 0.011* 
0.5-1 28.1 71.9  
>1 48.9 51.1  
Off-farm job 
Yes 30.1 69.9 0.543 
No 35.1 64.9  
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intensity. With land limitations, farmers tended to grow vegetables rather than green 
manures to improve the household nutritional status or generate additional income.  
Otherwise the land was kept fallow or labor was allocated in off-farm jobs. In case of 
access to irrigation, farmers tended to prioritize early wet-season rice rather than other 
crops. Around 40% of the farmers cultivated an early crop of wet-season rice prior to 
the main wet-season rice. Chea et al. (2011) also found that more than 50% of the 
farmers accessing irrigation in Takeo province used rice double cropping. In such 
conditions, no land will be available for the cultivation of legumes. 
 
6.4 Conclusions 
Crop diversification with legumes reportedly benefits rainfed lowland rice systems. In 
the case of Cambodia, mungbean was introduced as a diversification crop in the pre-rice 
niche. While occasional crop failure occurred due to excessive rainfall and soil flooding, 
in most cases the mungbean increased the yield of the subsequent rice crop, and was 
able to contribute 40-80 kg N ha-1 to wet-season rice. Despite such favorable reports, 
the use of leguminous green manures has major limitations. Only 30% of households 
grow legumes and 50% of these cultivate legumes only occasionally and only on parts of 
their rice land. Key reasons for low legume use are related to the unpredictability of the 
rainfall and to labor shortages for legume establishment and biomass incorporation. 
Mainly farmers without off-farm income sources include legumes in their-rice-based 
systems. Consequently, farmers have a clear preference for legumes with multiple use 
options over sole green manure species.  
The findings suggest that despite numerous perceived constraints to legume 
adoption, there are available cropping windows in the pre-rice niche, when leguminous 
green manures are beneficial and adoptable. Most perceived constraints can be 
addressed by a mechanization of the agricultural sector. Thus, farm implements are 
required to permit legume cultivation on furrows or raised beds to minimize risks 
associated with flooding and to facilitate the incorporation of the biomass of legume 
residues. 
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7 GENERAL DISCUSSION, CONCLUSIONS AND FUTURE OUTLOOKS 
In some rainfed lowland environments in Cambodia, high sand fractions and soil 
infertility predominate (White et al. 1997), negatively affecting rice productivity (Seng 
et al. 2004b). These soils are generally low in N (Seng et al. 2001) and available P (White 
et al. 1997). As N is the most limiting nutrient, it must be either supplied by the soil or 
added in the form of mineral or organic N fertilizers (Kundu and Ladha 1999). However, 
the use efficiency of applied mineral nutrients (N) in rainfed rice is reportedly low, and 
the outcome of nutrient application strategies is highly variable. Therefore, it is crucial 
to explore alternative resources for mineral-N replacement for rainfed production 
systems. The main goal of this study is to investigate the potential of organic manures 
in rainfed lowland rice-based production systems on sandy soils of Cambodia.  
 
7.1 General discussion 
7.1.1 Performance of leguminous crops  
The field experiments conducted in 2013 and 2014 assessed the performance of 
leguminous green manure in comparison to farmyard manure and the recommended 
mineral fertilizer rate. Growth and yield of mungbean strongly varied between soil type 
and year. Growth and biological N2 fixation were more in 2014 than in 2013 due to lower 
rainfall intensity during crop establishment. This highlights on the one hand the central 
role of soil aeration status on the establishment of upland legumes (Fukai and Ouk 
2012), on the other hand it also points out the risk of crop failure associated with highly 
variable climates. As the first rainfall with onset of the monsoon is generally not very 
intense, it permits soil tillage and the establishment of an upland legume such as 
mungbean. However in heavy rainfall years (i.e. La Niňa) as experienced by South East 
Asia in 2013, soil flooding and hence mungbean failure may occur during the dry-to-wet 
season transition period. Such negative effects are likely to be exacerbated in low-lying 
flood-prone areas such as the coastal lowlands of Cambodia, and the frequency of such 
events is likely to increase with growing unpredictability of the monsoon rains as 
forecast with climate change (IPCC, 2014). Thus, in 2013, the legume could not be 
established in the shallow sandy soil due to intense rains and to early and severe 
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flooding of the sites. Despite the sandy texture of the soils, drainage of the excess water 
was too slow in the shallow soils. On the other hand, the deep sandy soil permitted rapid 
drainage, allowing a partial recovery of the mungbean stands. In years with normal or 
low early rains (i.e. in 2014), the soil remained aerobic for much of the legume growing 
period, resulting in a high performance of mungbean crops, even in the shallow sandy 
soils. Hence, the pre-rice crop options that are based on flood-sensitive upland crops 
such as mungbean will need to be reevaluated in the face of different climate change 
scenarios. One alternative avenue may be to use flood tolerant species (Becker 2003) or 
to restrict pre-rice mungbean to deep well-draining soil environments. Another option 
is to shift from the pre-rice to the post-rice niche for growing legumes on residual 
moisture or receding water tables in view of minimizing flood-related production risks. 
Thus,  Rahmianna et al. (2000) showed that even late rainfall after rice harvest did not 
result in soil anaerobiosis for post-rice legumes.   
Another observation relates to the need for supplying P to enhance legume 
growth and N2 fixation. In the deep sandy soil, the addition of only 10 kg P ha-1 was 
sufficient to nearly double the fixation rates of mungbean. However, these effects were 
much less on shallow soils, and the expected carry-over effects on the subsequent 
rainfed rice crops were very limited. The hypothesis that P application will benefit both 
the legume by stimulation N2 fixation and the rice by recycling legume-absorbed P as 
well as fixed legume N was not confirmed. Significant carry-over effects were observed 
in only few cases. However, effects on soil C and N contents were significant and indicate 
possible longer-term benefits of the modified P management on soil fertility and future 
productivity. While the Nfda% was stimulated by P application in the deep sandy soils, 
the Nfda% and total N2 fixed was an average 25 % lower than reported from other 
studies in the area. The Nfda% in this study was comparable to that reported by 
Toomsan et al. (2000). Toomsan et al. (2000) reported low N2 fixation in mungbean of 
25%, accounted for only 10 kg N2 fixed ha-1 on a sandy soil in northeast Thailand. 
Compared to previous studies on other legume crops, this was quite low. It is noted that 
the recommended NPK for legume (particularly mungbean) is 40:26:25 NPK kg ha-1 
(Cheth 2011). However, this rate is rarely applied by the farmers due to uncertainty of 
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profitability and crop performance depending on environmental factors (rainfall). The 
low N2 fixation in the deep sandy soils may be due to the fact that the low amount of P 
applied (10 kg P ha-1) was not sufficient for optimum Nfda%. Qiao et al. (2007) reported 
that P deficiency delayed the nodule function and decreased nodule development, 
which in turn negatively affected N2 fixation. Effects of higher rates of P on N2 fixation 
need further study. Apart from P, N2 fixation may also be restricted by K deficiency. A 
meta-analysis study conducted by Divito and Sadras (2014) revealed that K deficiency 
also affected the biological N2 fixation (BNF) of legumes. Thus, the low K in both soil 
groups may have effected BNF. However, this needs further investigation. 
The effects of farmyard manure were generally present and highlight the need 
to apply more recalcitrant carbon sources that contribute potentially more to soil 
fertility building than fast-decomposing legume residues. Additionally, FYM adds other 
nutrient elements and may enhance water-holding capacity. However, in the face of 
declining numbers of farm animals in South Cambodia and competitive uses of quality 
manure for vegetables and other high-value crops, FYM may become increasingly 
limited and will no longer be available to improve soil quality in the unfavourable rainfed 
environments on sandy soils. An alternative strategy may consist in producing grain or 
green manure legumes with lower quality (more phenolic compounds or higher lignin:N 
ratios) as suggested before (Becker et al. 1995; Becker and Ladha 1996)  
Additional mineral N application may help to enhance the growth and 
economic yield of both mungbean and rainfed rice in sandy soils. Sadeghipour et al. 
(2010) and  Ayub et al. (1999) also reported that the optimum mungbean growth and 
yield was between 30 and 40 kg of N application ha-1. Cheema and Ahmad  (2000) 
reported that even though legumes are self-sufficient for N requirements, additional N 
may stimulate growth and yield. On the other hand, combined N is known to reduce N2 
fixation. Otieno et al. (2009) reported that N decreased the nodule numbers in most of 
the legume species. The inhibitory effects on legume root nodulation by N application 
are well documented by Becker et al. (1991); Becker et al. (1986); Khalilzadeh et al. 
(2012); Leidi and Rodríguez-Navarro (2000); Amba et al. (2013); Dean and Clark (1980); 
Jefing et al. (1992). If the legume crops could nodulate and sufficiently fix N2, N 
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amendment through urea application can be neglected and previous fertilizer 
recommendations can be adjusted (Hin et al. 2005).  Whether mineral N is required for 
legume establishment is a question that strongly depends on site and soil attributes as 
well as on the specific purpose of the legume. The production of high quality grain may 
thus necessitate some combined N in addition to P. The commonly available Di-
ammonium phosphate, containing both N and P, appears to be suitable in such 
situations. The feasibility, affordability and the necessity of such complementary 
fertilizer uses are however highly site and system-specific and the targeting of such 
solutions requires a careful definition of social-ecological niche environments. Further 
investigations are needed here.  
 
7.1.2 Potential of organic sources for rainfed lowland rice productivity 
Overall, organic manures (FYM and green manure) were equivalent to approximately 
50% of the recommended mineral N amounts for both soil types. The results indicate 
that organic sources cannot fully replace the mineral N amounts recommended for 
sandy soils. However the performance variability with organic amendments tended to 
be less than with urea and residual effects are likely to occur when considering the 
observed pool changes of C and N. In addition, the efficiency of applied mineral N is so 
low and erratic in rainfed environments on sandy soils, that the reliance on sole mineral 
sources is both economically and environmentally questionable. 
The present study was limited to only one crop cycle. The long-term application 
of organic manures as mineral N replacement may show enhance effects and provide 
long-term benefits as suggested before (Mandal et al. 2003; Liu et al. 2013).  
The residual incorporation of P-amended mungbean at the maturing stage 
after grain harvesting produced comparable rice yields to those with the recommended 
N application rates for both soils. Incorporation of mungbean biomass prior to the 
maturing stage did not result in higher rice yield increase. This finding could be of 
interest to the farmers because of a bonus economical legume yield. However, the 
recommended P fertilizer amounts for rice in deep sandy soils are only 4 kg P ha-1, and 
the alternative P application to pre-rice legume in this study was 10 kg P ha-1 (not direct 
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to rice). Therefore, the investment of an additional 6 kg ha-1 of mineral P is required for 
pre-rice legume. Application of FYM (60 kg N ha-1) as mineral N replacement produced 
comparable rice yields to those with the recommended N rate in the deep sandy soils 
but not in the shallow sandy soils.  
According to the farmers’ perceptions documented in the survey, farmers tend 
to prefer FYM over any other fertilizer source., Farmyard manure from cattle is also 
widely applied to lowland rainfed paddy, and it is the preferred source among small-
scale farmers. Thus, it is one of the main factors explaining the rice yield increase (Ly et 
al. 2012). In this study, FYM was applied at an equivalent rate of 60 kg N ha-1. Based on 
the cattle intensity classification, Gerber et al. (2005) and Ly et al. (2012) estimated the 
annual N input from FYM to be 15 kg ha-1. Since most of the small-scale farmers in the 
study area own less than 1 ha of paddy, it is possible that the 60 kg of N can be derived 
from cattle manure as the cattle owned varied from 2 to 5 heads per household (Ly et 
al. 2012; Pen et al. 2009; Serey et al. 2014). Availability of FYM beyond 60 kg N ha-1 is 
not likely to be possible. Furthermore, recent reports by MAFF (2015) showed that the 
number of small-scale cattle raising operations is declining in Cambodia, which is most 
likely due to the increasing trend in mechanization. Therefore, the use of FYM as mineral 
N replacement is potential limited.  
The relatively low adoption of legume based technologies in the study was 
mainly associated with the unpredictability of rainfall and consequently of the limited 
suitability of only one legume species or one single mungbean genotype for the 
observed range of environmental and climatic situations. There is a need to compare 
more genotypes and species and to target appropriate legumes to given situations to 
minimize the risk of climate-induced legume failure.  
The second key constraint to legume adoption is the unavailability of labor for 
green manure or residue incorporation. Whitmore et al. (2000) reported that full 
operation for mungbean establishment required 79 days labor ha-1. Considering the 
average farm size observed in this study, 21 days labor is required per household, 
especially during the early stage of establishment where intensive tillage for biomass 
incorporation requires intensive labor (Becker et al. 1995). MAFF (2015) reported that 
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the labor force engaged in the agricultural sector declined from 55.8% in 2011 to 48.7% 
in 2013, mainly due to migration for jobs to the cities or outside the country. In the study 
area, around 11% and 6% of the people (mainly potential labor force) migrate for off-
farm jobs (company/factory/unknown jobs) in Tram Kak and Prey Kabas, respectively, in 
2010 (NCDD 2010), reducing the potential labor force. Solutions may pertain to 
developing and providing simple implements for biomass incorporation, testing 
possibilities of biomass mulching (surface application without incorporation), or a more 
specific targeting of legume technologies to households with sufficient labor availability 
or possibilities for mechanization.  
Finally, the competition of a green manure legume with other (more economic 
crops) for land during the off-season appears to constrain the adoption of legume-based 
technologies. Rather than relying on one specific crop, diverse crops are planted on 
rainfed lowland paddy by some farmers. Therefore, the direct economic benefits from 
leguminous green manure to rice yield increase and an economical legume yield must 
outweigh those of other off-season crops.  Here again, legume selection, particularly 
focusing on multi-purpose species, may help to overcome this perceived constraint. 
It can be summarized that the adoption of leguminous green manure must be 
technically and economically feasible from the farmers´ point of view and that solutions 
differ between soil types, sites and farms. Targeting specific technology packages to 
clearly defined social-ecological niches will be the key challenge for research and 
extension in the coming years.  
 
7.2 General conclusions  
The study explores the potential of organic manures for rainfed lowland rice production 
on sandy soils of Cambodia. Two organic sources, i.e. green manure and FYM, are the 
main focus. The research objective addresses the hypothesis that organic manures, 
particularly green manure with a short-cycled grain legume (mungbean) during the pre-
rice niche, are a suitable technology to address the prevailing soil fertility constraints 
and to enhance rice productivity on the different sandy soils of Cambodia.  
Overall, organic manures have shown potential benefits for rainfed lowland 
rice production systems provided that agronomic and social-economic constraints are 
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not limiting factors. In the case of green manure, P has to be applied for enhancement 
of N2 fixation. Green manure biomass should be incorporated at the maturing stage. 
Concomitantly, soil moisture regimes need to be favorable for legume establishment. In 
addition, legume establishment and biomass incorporation should be less labor 
demanding in order to ensure high adoption of green manures.  The sole reliance on 
FYM as mineral N replacement is in question and appears to be only feasible in the future 
if cattle numbers do not decline further.    
Conclusions that can be drawn from the results of the study are as follows:  
 The application of organic sources (green manure and FYM) was equivalent to 
around 50% of the national recommended N rate for both studied soil groups, and 
showed residual N and C effects after only one crop cycle.  Therefore, organic 
manure application is likely to play a crucial role in sustaining and enhancing the 
fertility of the poor sandy soils in Cambodian rainfed rice environments  
 Leguminous green manure establishment and N2 fixation were constrained by 
intense rainfall and low native soil P. The supply of P enhanced legume growth, yield 
and N2 fixation and P application should thus be shifted from rice to legumes that 
are grown in rotation.  
 Key reasons for low legume use and adoption by farmers are related to the 
unpredictability of the rainfall and to labor shortages for legume establishment and 
biomass incorporation.  
 While short-cycled mungbean is the preferred legume among lowland rainfed rice 
farmers, there is a need to use a larger legume diversity, particularly of multi-
purpose species and to target legumes to specific niche environments.  
 
7.3 Outlook for future research  
The findings in the study are based on one-crop-cycle experiments. Therefore, long-term 
investigation of organic sources should be implemented, especially targeting the 
potential buildup of a soil N reservoir by green manure treatment. As the lack of labor 
and off-season crop competition are the main challenges for leguminous green manure 
establishment, further research should focus on shifting from traditional tillage to 
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minimized or zero tillage practices. The economic return of leguminous green manure 
must outweigh that from other crops. Despite the increase in N2 fixation of mungbean 
due to P application, the level of fixation is still low. Mungbean was not inoculated in 
this study. Therefore, the effect of mungbean inoculation should be studied further. 
Furthermore, the effect of higher P amendment should be tested. As N may improve 
legume growth and yield but may suppress N2 fixation, a further study should include 
the interaction of P and N applications with the aim to assess optimum N2 fixation. The 
organic sources showed rice yields comparable to those obtained with mineral-N 
fertilizer, thus these could replace mineral fertilizer N. The economic returns of 
leguminous green manure against mineral fertilizer N need to be investigated taking into 
account the production costs. Further research should focus on ways to alleviate socio-







Abrol YP, Pandey R, Raghuram N, Ahmad A (2012) Nitrogen cycle sustainability and sustainable 
technologies for nitrogen fertilizer and energy management. J Indian Inst Sci 92:17–36. 
Ahmad S, Khan AA, Shahzad Ali I, Imran M, Habibullah M (2015) Impact of Phoshporus Levels on 
Yield and Yield Attributes of Mungbean Cultivars under Peshawar Valley Conditions. J 
Environ Earth Sci 5:18–24. 
Ali M (1999) Evaluation of green manure technology in tropical lowland rice systems. Field Crops 
Res 61:61–78. doi: 10.1016/S0378-4290(98)00149-X 
Al-Niemi TS, Kahn ML, McDermott TR (1997) P metabolism in the bean-Rhizobium tropici 
symbiosis. Plant Physiol 113:1233–1242. 
Amanuel G, Kühne RF, Tanner DG, Vlek PLG (2000) Biological nitrogen fixation in faba bean (Vicia 
faba L.) in the Ethiopian highlands as affected by P fertilization and inoculation. Biol 
Fertil Soils 32:353–359. doi: 10.1007/s003740000258 
Amba A., Agbo EB, Garba A (2013) Effect of nitrogen and phosphorus fertilizers on nodulation of 
some selected grain legumes at Bauchi, Northern GuineaSavanna of Nigeria. 
Internatoinal J Biosci 3:1–7. 
Ankomah AB, Zapata F, Hardarson G, Danso SK (1996) Yield, nodulation, and N2 fixation by 
cowpea cultivars at different phosphorus levels. Biol Fertil Soils 22:10–15. 
Araújo AP, Teixeira MG, De Almeida DL (1997) Phosphorus efficiency of wild and cultivated 
genotypes of common bean (Phaseolus vulgaris L.) under biological nitrogen fixation. 
Soil Biol Biochem 29:951–957. doi: 10.1016/S0038-0717(96)00217-9 
Aulakh MS, Khera TS, Doran JW, Singh K, Singh B (2000a) Yields and nitrogen dynamics in a rice–
wheat system using green manure and inorganic fertilizer.  
Aulakh MS, Khera TS, Doran JW (2000b) Mineralization and denitrification in upland, nearly 
saturated and flooded subtropical soil II. Effect of organic manures varying in N content 
and C:N ratio. Biol Fertil Soils 31:168–174. doi: 10.1007/s003740050641 
Aulakh MS, Khera TS, Doran JW, Bronson KF (2001) Denitrification, N2O and CO2 fluxes in rice-
wheat cropping system as affected by crop residues, fertilizer N and legume green 
manure. Biol Fertil Soils 34:375–389. doi: 10.1007/s003740100420 
Ayub M., Choudhry M. A., Amin M.M.Z, Murtaza G. (1999) Growth and yield respose of 
mungbean (Vigna radiata L.) cultivars to varying levels of nitrogen. Pakistan Journal of 
Biological Sciences 2:1378–1380. 
Becker M (2003) Potential von Leguminosen zur Gründüngung und Einsatzmöglichkeiten im 
tropischen Reisanbau. Norderstedt, Germany 
Becker M (2001) Potential and limitations of green manure technology in lowland rice. J Agric 




Becker M, Alazard D, Ottow JCG (1986) Mineral nitrogen effect on nodulation and nitrogen 
fixation of the stem-nodulating legume Aeschynomene afraspera. Z Für Pflanzenernähr 
Bodenkd 149:485–491. 
Becker M, Asch F, Maskey SL, Pande KR, Shah SC, Shrestha S (2007) Effects of transition season 
management on soil N dynamics and system N balances in rice–wheat rotations of 
Nepal. Field Crops Res 103:98–108. doi: 10.1016/j.fcr.2007.05.002 
Becker M, Diekmann KH, Ladha JK, Datta SKD, Ottow JCG (1991) Effect of NPK on growth and 
nitrogen fixation of Sesbania rostrata as a green manure for lowland rice (Oryza sativa 
L.). Plant Soil 132:149–158. doi: 10.1007/BF00011021 
Becker M, Ladha JK (1996) Synchronizing residue N mineralization with rice N demand in flooded 
conditions. In: Giller K, Cadisch G (eds) Driven by nature: plant litter quality and 
decomposition. pp 231–238 
Becker M, Ladha JK, Ali M (1995) Green manure technology: Potential, usage, and limitations. A 
case study for lowland rice. In: Ladha JK, Peoples MB (eds) Management of Biological 
Nitrogen Fixation for the Development of More Productive and Sustainable Agricultural 
Systems. Springer Netherlands, pp 181–194 
Becker M, Ladha JK, Ottow JCG (1990) Growth and N2-fixation of two stem-nodulating legumes 
and their effect as green manure on lowland rice. Soil Biol Biochem 22:1109–1119. doi: 
10.1016/0038-0717(90)90037-Z 
Bell RW, Seng V (2003) Rainfed lowland rice-growing soils of Cambodia, Laos, and North-east 
Thailand. In: Bell, R.W. <http://researchrepository.murdoch.edu.au/view/author/Bell, 
Richard.html> and Seng, V. (2003) Rainfed lowland rice-growing soils of Cambodia, Laos, 
and North-east Thailand. In: CARDI International Conference on Research on Water in 
Agricultural Production in Asia for the 21st Century, 25 – 28 November, Phnom Penh, 
Cambodia. Phnom Penh, Cambodia,  
Bell RW, Seng V (2005) The managment of the agro-ecosystems associated with sandy soils. In: 
The management of tropical sandy soils for sustainable agriculture. Khon Kaen, Thailand 
27th November - 2 December 2005,  
Bell RW, Seng V, Schoknecht N, Hin S, Vance W, White PF (2006) Land Capability Classification 
for Non-Rice Crops in Soils of the Sandy Terrain of Tram Kak District, Takeo Province. 
Unpublished, Cambodia 
Bhuiyan MMH, Rahman MM, Afroze F, Sutradhar GNC, Bhuiyan MSI (2008) Effect of phosphorus, 
molybdenum and rhizobium inoculation on growth and nodulation of mungbean. J Soil 
Nat 2:25–30. 
Bi L, Zhang B, Liu G, Li Z, Liu Y, Ye C, Yu X, Lai T, Zhang J, Yin J, Liang Y (2009) Long-term effects 
of organic amendments on the rice yields for double rice cropping systems in subtropical 
China. Agric Ecosyst Environ 129:534–541. doi: 10.1016/j.agee.2008.11.007 
Blair G, Blair N (2014) Nutrient Status of Cambo dian Soils, Rationalisation of Fertiliser 
Recommendations and the Challenges Ahead for Cambodian Soil Science. Curr Agric Res 




Boling A, Tuong TP, Jatmiko SY, Burac MA (2004) Yield constraints of rainfed lowland rice in 
Central Java, Indonesia. Field Crops Res 90:351–360. doi: 10.1016/j.fcr.2004.04.005 
Braum SM, Helmke PA (1995) White lupin utilizes soil phosphorus that is unavailable to soybean. 
Plant Soil 176:95–100. 
Bunna S, Sinath P, Makara O, Mitchell J, Fukai S (2011) Effects of straw mulch on mungbean yield 
in rice fields with strongly compacted soils. Field Crops Res 124:295–301. doi: 
10.1016/j.fcr.2011.06.015 
Buresh RJ, Haefele SM (2010) Changes in paddy soils under transition to water-saving and 
diversified cropping systems. In: Soil solution for a changing world: 19th World Congress 
of Soil Science, Brisbane, QLD, Australia. pp 1–6 
Cao Z, De Datta SK, Fillery IR. (1984) Nitrogen-15 Balance and Residual Effects of Urea-N in 
Wetland Rice Fields as Affected by Deep Placement Techniques1. Soil Sci Soc Am J 
48:203. doi: 10.2136/sssaj1984.03615995004800010037x 
Carsky R, Tarawali S, Becker M, Chikoye D, Tian G, Sanginga (1998) Mucuna herbaceous cover 
legume with potential for multiple uses. IITA, Ibadan, Nigeria. 52 pp. 
Cassman KG, de Datta SK, Amarante ST, Liboon SP, Samson MI, Dizon MA  (1996) Long-term 
Comparison of the Agronomic Efficiency and Residual Benefits of Organic and Inorganic 
Nitrogen Sources for Tropical Lowland Rice. Exp Agric 32:427–444. doi: 
10.1017/S0014479700001514 
Chaudhary MI, Fujita K (1998) Comparison of phosphorus deficiency effects on the growth 
parameters of mashbean, mungbean, and soybean. Soil Sci Plant Nutr 44:19–30. doi: 
10.1080/00380768.1998.10414423 
Chea S, Cramb R, Fukai S (2011) Economics of growing mungbean after rice in the rainfed 
lowlands of Cambodia. In: International Conference on Conservation 
Agriculture.’Brisbane, Qld.  
Cheema ZA, Ahmad A. (2000) Effects of Urea on the Nitrogen Fixing Capacity and Growth of  
Grain Legumes.  
Cherr CM, Scholberg JMS, McSorley R (2006) Green Manure Approaches to Crop Production. 
Agron J 98:302. doi: 10.2134/agronj2005.0035 
Cheth K (2011) Effect of irrigation and soil amendments on legume growth in rice-based 
cropping system in the rainfed lowland.  
Das SK, Reddy GS, Sharma KL, Vittal KPR, Venkateswarlu B, Reddy MN, Reddy YVR (1993) 
Prediction of nitrogen availability in soil after crop residue incorporation. Fertil Res 
34:209–215. doi: 10.1007/BF00750566 
Datta SKD, Buresh RJ (1989) Integrated Nitrogen Management in Irrigated Rice. In: Stewart BA 




Dean JR, Clark KW (1980) Effect of low level nitrogen fertilization on nodulation, acetylene 
reduction and dry matter in fababeans and three other legumes. Can J Plant Sci 60:121–
130. 
De Costa WAJM, Shanmugathasan KN, Joseph KDSM (1999) Physiology of yield determination 
of mung bean (Vigna radiata (L.) Wilczek) under various irrigation regimes in the dry and 
intermediate zones of Sri Lanka. Field Crops Res 61:1–12. doi: 10.1016/S0378-
4290(98)00141-5 
Divito GA, Sadras VO (2014) How do phosphorus, potassium and sulphur affect plant growth and 
biological nitrogen fixation in crop and pasture legumes? A meta-analysis. Field Crops 
Res 156:161–171. doi: 10.1016/j.fcr.2013.11.004 
Dobermann A, Fairhurst T (2002) Rice nutrient discorders and nutrient management. Oxford 
Graphic Printers Pte Ltd,  
Engels KA, Becker M, Ottow JCG, Ladha JK (1995) Influence of phosphorus or phosphorus-
potassium fertilization on biomass and dinitrogen fixation of the stem-nodulating green-
manure legume Sesbania rostrata in different marginally productive wetland rice soils. 
Biol Fertil Soils 20:107–112. 
Fageria NK, Santos AB (2015) Yield and Yield Components of Lowland Rice Genotypes as 
Influenced by Nitrogen Fertilization. Commun Soil Sci Plant Anal 46:1723–1735. doi: 
10.1080/00103624.2015.1043443 
Feder G, Umali DL (1993) The adoption of agricultural innovations: A review. Technol Forecast 
Soc Change 43:215–239. doi: 10.1016/0040-1625(93)90053-A 
Feller C, Beare MH (1997) Physical control of soil organic matter dynamics in the tropics. 
Geoderma 79:69–116. doi: 10.1016/S0016-7061(97)00039-6 
Friesen DK, Rao IM, Thomas RJ, Oberson A, Sanz JI (1997) Phosphorus acquisition and cycling in 
crop and pasture systems in low fertility tropical soils. Plant Soil 196:289–294. doi: 
10.1023/A:1004226708485 
Fukai S, Mitchell J, Ouk M, Seng V, Chea S (2013) project Diversification and intensification of 
rainfed lowland cropping systems in Cambodia.  
Fukai S, Ouk M (2012) Increased productivity of rainfed lowland rice cropping systems of the 
Mekong region. Crop Pasture Sci 63:944. doi: 10.1071/CP12294 
Garrity DP, Becker M (1992) Where do green manures fit in Asian rice farming systems? In: Ladha 
JK, Garrity DP (eds) Green manure production systems for Asian ricelands. The 
international Rice Research Institute. Los Banos, Philippines pp 1-10,  
George T, Ladha JK, Buresh RJ, Garrity DP (1992) Managing native and legume-fixed nitrogen in 
lowland rice-based cropping systems. Plant Soil 141:69–91. doi: 10.1007/BF00011311 
Gerber P, Chilonda P, Franceschini G, Menzi H (2005) Geographical determinants and 
environmental implications of livestock production intensification in Asia. Bioresour 




Giller K, Misiko M, Tittonell P (2006) Managing organic resources for soil amendment. LEISA-
LEUSDEN- 22:16. 
Glaser B, Lehmann J, Zech W (2002) Ameliorating physical and chemical properties of highly 
weathered soils in the tropics with charcoal - a review. Biol Fertil Soils 35:219–230. doi: 
10.1007/s00374-002-0466-4 
Gunawardena S, Danso SKA, Zapata F (1992) Phosphorus requirements and nitrogen 
accumulation by three mungbean (Vigna radiata (L) Welzek) cultivars. Plant Soil 
147:267–274. 
Haefele SM, Naklang K, Harnpichitvitaya D, Jearakongman S, Skulkhu E, Romyen P, Phasopa S, 
Tabtim S, Suriya-arunroj D, Khunthasuvon S, Kraisorakul D, Youngsuk P, Amarante ST, 
Wade, L (2006) Factors affecting rice yield and fertilizer response in rainfed lowlands of 
northeast Thailand. Field Crops Res 98:39–51. doi: 10.1016/j.fcr.2005.12.003 
Hanviriyanpant P, Fukai S (1997) Effects of fertilizer application and irrigation on grain yield of 
rice cultivars grown under lowland conditions. In: Breeding strategies for rainfed 
lowland rice in drought-prone environement. S. Fukai, M. Cooper and J. Salisbury, 
Proceedings of an international workshop held at Ubon Ratchathani, Thailand, 5-8 
November 1996,  
Hayat R, Ali S, Siddique MT, Chatha TH (2008) Biological nitrogen fixation of summer legumes 
and their residual effects on subsequent rainfed wheat yield. Pak J Bot 40:711–722. 
Haynes RJ (2005) Labile Organic Matter Fractions as Central Components of the Quality of 
Agricultural Soils: An Overview. In: Advances in Agronomy. Academic Press, pp 221–268 
Hin S, Schoknecht N, Vance W, Bell RW, Seng V (2005) Soil and Landscapes of Sandy Terrain in 
Tram Kak District, Takeo Province, Kingdom of Cambodia. Unpublished, Cambodia 
Hirpa T, Gebrekidan H, Tesfaye K, Hailemariam A Effect of growth stage at incorporation of 
legume green manures on soil fertility.  
Hirpa T, others (2013) Effect of kill time of legume green manures on growth and nutrient uptake 
of succeeding maize (Zea mays L). Int J Agron Plant Prod 4:3623–3636. 
Israel DW (1987) Investigation of the Role of Phosphorus in Symbiotic Dinitrogen Fixation. Plant 
Physiol 84:835–840. doi: 10.1104/pp.84.3.835 
Jan A, Alam K, Amanullah, Stewart BA (2012) Mungbean response to tillage systems and 
phosphorus management under moisture stress condition. J Plant Nutr 35:21–33. doi: 
10.1080/01904167.2012.631664 
Jefing Y, Herridge DF, Peoples MB, Rerkasem B (1992) Effects of N fertilization on N2 fixation 
and N balances of soybean grown after lowland rice. Plant Soil 147:235–242. doi: 
10.1007/BF00029075 
Kai P, Pedersen P, Jensen JE, Hansen MN, Sommer SG (2008) A whole-farm assessment of the 





Kamoshita A, Chea S, Hayashi S, Ikeda S, Jongdee B (2009) A Case Study on Farmers&rsquo; 
Choice of Direct Seeding and Transplanting in Rain-fed Lowlands in Northeast Thailand 
and Northwest Cambodia. Trop Agric Dev 53:43–54. doi: 10.11248/jsta.53.43 
Khalilzadeh R, Tajbakhsh M, Jalilian J (2012) Growth characteristics of mung bean (Vigna radiata 
L.) affected by foliar application of urea and bio-organic fertilizers.  
Kho RM (2000) On crop production and the balance of available resources. Agric Ecosyst Environ 
80:71–85. doi: 10.1016/S0167-8809(00)00135-3 
Kundu DK, Ladha JK (1999) Sustaining productivity of lowland rice soils: issues and options 
related to N availability. In: Balasubramanian V, Ladha JK, Denning GL (eds) Resource 
Management in Rice Systems: Nutrients. Springer Netherlands, pp 27–44 
Ladha JK, Garrity DP (1994) Green Manure Production Systems for Asian Ricelands: Selected 
Papers from the International Rice Research Conference. Int. Rice Res. Inst. 
Leidi EO, Rodríguez-Navarro DN (2000) Nitrogen and phosphorus availability limit N2 fixation in 
bean. New Phytol 147:337–346. doi: 10.1046/j.1469-8137.2000.00703.x 
Levi-Minzi R, Riffaldi R, Saviozzi A (1990) Carbon mineralization in soil amended with different 
organic materials. Agric Ecosyst Environ 31:325–335. doi: 10.1016/0167-
8809(90)90231-2 
Lin DX, Fan XH, Hu F, Zhao HT, Lou JF (2007) Ammonia Volatilization and Nitrogen Utilization 
Efficiency in Response to Urea Application in Rice Fields of the Taihu Lake Region, China. 
Pedosphere 17:639–645. doi: 10.1016/S1002-0160(07)60076-9 
Linquist BA, Phengsouvanna V, Sengxue P (2007) Benefits of organic residues and chemical 
fertilizer to productivity of rain-fed lowland rice and to soil nutrient balances. Nutr Cycl 
Agroecosystems 79:59–72. doi: 10.1007/s10705-007-9095-5 
Liu E, Yan C, Mei X, Zhang Y, Fan T, Shah V (2013) Long-Term Effect of Manure and Fertilizer on 
Soil Organic Carbon Pools in Dryland Farming in Northwest China. PLoS ONE 8:e56536. 
doi: 10.1371/journal.pone.0056536 
Lv M, Li Z, Che Y, Han FX, Liu M (2011) Soil organic C, nutrients, microbial biomass, and grain 
yield of rice (Oryza sativa L.) after 18 years of fertilizer application to an infertile paddy 
soil. Biol Fertil Soils 47:777–783. doi: 10.1007/s00374-011-0584-y 
Ly P, Jensen LS, Bruun TB, Rutz D, Neergaard A (2012) The System of Rice Intensification: 
Adapted practices, reported outcomes and their relevance in Cambodia. Agric Syst 
113:16–27. doi: 10.1016/j.agsy.2012.07.005 
Maclean JL, Dawe DC, Hettel GP (2002) Rice almanac: source book for the most important 
economic activity on earth. CABI Pub., Oxon, U.K. 
MAFF (2015) Report 2014-2015. Ministry of Agriculture, Fishery and Forestry, Ministry of 
Agriculture, Fishery and Forestry 




Malik MA, Saleem MF, Ali A, Mahmood I (2003) Effect of nitrogen and phosphorus application 
on growth yield and quality of mungbean (Vigna radiata L.). Pak J Agric Sci 40:133–136. 
Mandal UK, Singh G, Victor US, Sharma KL (2003) Green manuring: its effect on soil properties 
and crop growth under rice–wheat cropping system. Eur J Agron 19:225–237. doi: 
10.1016/S1161-0301(02)00037-0 
Mariaselvam AA, Dandeniya WS, Indraratne SP, Dharmakeerthi RS (2014) High C/N materials 
mixed with cattle manure as organic amendments to improve soil productivity and 
nutrient availability. Trop Agric Res 25:201–213. 
McDonagh JF, Toomsan B, Limpinuntana V, Giller KE (1995) Grain legumes and green manures 
as pre-rice crops in Northeast Thailand. Plant Soil 177:111–126. 
Meng L, Ding W, Cai Z (2005) Long-term application of organic manure and nitrogen fertilizer on 
N2O emissions, soil quality and crop production in a sandy loam soil. Soil Biol Biochem 
37:2037–2045. doi: 10.1016/j.soilbio.2005.03.007 
Mishima S-I, Kimura SD, Eguchi S, Shirato Y (2012) Estimation of the amounts of livestock 
manure, rice straw, and rice straw compost applied to crops in Japan: a bottom-up 
analysis based on national survey data and comparison with the results from a top-down 
approach. Soil Sci Plant Nutr 58:83–90. doi: 10.1080/00380768.2012.658581 
Morris RA, Furoc RE, Dizon MA (1986) Rice Responses to a Short-Duration Green Manure. I. Grain 
Yield1. Agron J 78:409. doi: 10.2134/agronj1986.00021962007800030001x 
Mo S, Qian J, Qian C (1991) Studies  on  phosphorus  of  organic  manure  and  its  reutilization. 
Acta Pedol Sinia 28:309–316. 
Naeem M, Iqbal J, Bakhsh MAA (2006) Comparative study of inorganic fertilizers and organic 
manures on yield and yield components of mungbean (Vigna radiat L.). J Agric Soc Sci 
2:227–229. 
Nagarajah S (1988) Transformation of green manure nitrogen in lowland rice soils. IRRI,  
NCDD (2010) Tram Kak and Prey Kabas district data book 2010. National Committee for Sub-
National Democratic Development (NCDD). Phnom Penh, Cambodia. 
Nuruzzaman M, Lambers H, Bolland MDA, Veneklaas EJ (2005a) Phosphorus uptake by grain 
legumes and subsequently grown wheat at different levels of residual phosphorus 
fertiliser. Aust J Agric Res 56:1041–1047. 
Nuruzzaman M, Lambers H, Bolland MD, Veneklaas EJ (2005b) Phosphorus benefits of different 
legume crops to subsequent wheat grown in different soils of Western Australia. Plant 
Soil 271:175–187. doi: 10.1007/s11104-004-2386-6 
Olesen JE, Askegaard M, Rasmussen IA (2009) Winter cereal yields as affected by animal manure 





Otieno PE, Muthomi JW, Chemining´s wa GN, Nderitu JH (2009) Effect of rihizbia inoculation, 
farmyard manure and nitrogen fertilizer on nodulation and yield of food grain legumes. 
J Biol Sci 9:329–332. 
Palm CA, Gachengo CN, Delve RJ, Cadisch G, Giller KE (2001a) Organic inputs for soil fertility 
management in tropical agroecosystems: application of an organic resource database. 
Agric Ecosyst Environ 83:27–42. 
Palm CA, Giller KE, Mafongoya PL, Swift MJ (2001b) Management of organic matter in the 
tropics: translating theory into practice. In: Martius C, Tiessen H, Vlek PLG (eds) 
Managing Organic Matter in Tropical Soils: Scope and Limitations. Springer Netherlands, 
pp 63–75 
Panda MM, Mosier AR, Mohanty SK, Chakravorti SP, Chalam AB, Reddy MD (1994) Nitrogen 
utilization by lowland rice as affected by fertilization with urea and green manure. Fertil 
Res 40:215–223. doi: 10.1007/BF00750468 
Pannu RK, Singh DP (1993) Effect of irrigation on water use, water-use efficiency, growth and 
yield of mungbean. Field Crops Res 31:87–100. doi: 10.1016/0378-4290(93)90052-O 
Peel M, Finlayson B, Mcmahon T (2007) Updated world map of the Köppen-Geiger climate 
classification. European Geosciences Union 11:1633–1644. 
Peng S, Buresh RJ, Huang J, Yang J, Zou Y, Zhong X, Wang G, Zhang F (2006) Strategies for 
overcoming low agronomic nitrogen use efficiency in irrigated rice systems in China. 
Field Crops Res 96:37–47. doi: 10.1016/j.fcr.2005.05.004 
Peng S, Buresh RJ, Huang J, Zhong X, Zou Y, Yang J, Wang G, Liu Y, Hu R, Tang Q, Cui K, Zhang F, 
Dobermann A (2010) Improving nitrogen fertilization in rice by sitespecific N 
management. A review. Agron Sustain Dev 30:649–656. doi: 10.1051/agro/2010002 
Peng S, Garcia FV, Laza RC, Sanico AL, Visperas RM, Cassman KG (1996) Increased N-use 
efficiency using a chlorophyll meter on high-yielding irrigated rice. Field Crops Res 
47:243–252. doi: 10.1016/0378-4290(96)00018-4 
Pen M, Savage D, Stür W, Seng M (2009) Constraints to Cattle Production of Small-scale Farmers 
in Kampong Cham Province, Cambodia. In: Conference on International Research on 
Food Security, Natural Resource Management and Rural Development. University of 
Hamburg, October. pp 6–8 
Pereira PAA, Bliss FA (1987) Nitrogen fixation and plant growth of common bean (Phaseolus 
vulgaris L.) at different levels of phosphorus availability. Plant Soil 104:79–84. 
Pheav S, Bell RW, Kirk GJD, White PF (2005) Phosphorus cycling in rainfed lowland rice 
ecosystems on sandy soils. Plant Soil 269:89–98. doi: 10.1007/s11104-004-0396-z 
Pheav S, Bell RW, White PF, Kirk GJD (2003) Fate of applied fertilizer phosphorus in a highly 
weathered sandy soil under lowland rice cropping, and its residual effect. Field Crops 
Res 81:1–16. doi: 10.1016/S0378-4290(02)00191-0 
Polthanee A, Promkhambut A, Treloges V (2012) Effect of pre-rice mungbean and cattle manure 




Puget P, Drinkwater LE (2001) Short-Term Dynamics of Root- and Shoot-Derived Carbon from a 
Leguminous Green Manure. Soil Sci Soc Am J 65:771. doi: 10.2136/sssaj2001.653771x 
Qiao Y, Tang C, Han X, Miao S (2007) Phosphorus Deficiency Delays the Onset of Nodule Function 
in Soybean. J Plant Nutr 30:1341–1353. doi: 10.1080/01904160701555325 
Rahmianna AA, Adisarwanto T, Kirchhof G, So HB (2000) Crop establishment of legumes in 
rainfed lowland rice-based cropping systems. Soil Tillage Res 56:67–82. doi: 
10.1016/S0167-1987(00)00123-9 
Ramaekers L, Remans R, Rao IM, Blair MW, Vanderleyden J (2010) Strategies for improving 
phosphorus acquisition efficiency of crop plants. Field Crops Res 117:169–176. doi: 
10.1016/j.fcr.2010.03.001 
Randhawa PS, Condron LM, Di HJ, Sinaj S, McLenaghen RD (2005) Effect of Green Manure 
Addition on Soil Organic Phosphorus Mineralisation. Nutr Cycl Agroecosystems 73:181–
189. doi: 10.1007/s10705-005-0593-z 
Raun WR, Johnson GV, Phillips SB, Westerman RL (1998) Effect of long-term N fertilization on 
soil organic C and total N in continuous wheat under conventional tillage in Oklahoma. 
Soil Tillage Res 47:323–330. 
Roger PA, Ladha JK (1992) Biological N2 Fixation in wetland rice fields: Estimation and 
contribution to nitrogen balance. Plant Soil 141:41–55. doi: 10.1007/BF00011309 
Ros C, Bell RW, White PF (1997) Effect of nursery applications of N and P on rice (Oryza sativa) 
yield. Kasetsart J Nat Sci 31:96–105. 
Sadeghipour O, Monem R, Tajali AA (2010) Production of Mungbean (vigna radiata L.) as affected 
by nitrogen and phosphorus fertilizer application.  
Schachtman DP, Reid RJ, Ayling SM (1998) Phosphorus Uptake by Plants: From Soil to Cell. Plant 
Physiol 116:447–453. doi: 10.1104/pp.116.2.447 
Schulz S, Keatinge JDH, Wells GJ (1999) Productivity and residual effects of legumes in rice-based 
cropping systems in a warm-temperate environment: I. Legume biomass production and 
N fixation. Field Crops Res 61:23–35. doi: 10.1016/S0378-4290(98)00146-4 
Senaratne R, Ratnasinghe DS (1995) Nitrogen fixation and beneficial effects of some grain 
legumes and green-manure crops on rice. Biol Fertil Soils 19:49–54. doi: 
10.1007/BF00336346 
Seng V, Bell RW, Willett IR (2004a) Amelioration of growth reduction of lowland rice caused by 
a temporary loss of soil-water saturation. Plant Soil 265:1–16. doi: 10.1007/s11104-005-
0694-0 
Seng V, Bell RW, Willett IR (2004b) Amelioration of growth reduction of lowland rice caused by 
a temporary loss of soil-water saturation. Plant Soil 265:1–16. doi: 10.1007/s11104-005-
0694-0 
Seng V, Eastick R, Fukai S, Ouk M, Men S, Chan SY, Nget S (2008) Crop diversification in lowland 





abroad/5671_eastickrj.htm. Accessed 6 Feb 2015 
Seng V, Ros C, Bell RW, White PF, Hin S, Fukai S, Basnayake J (2001) Nutrient requirements of 
rainfed lowland rice in Cambodia. In: Fukai S, Basnayake J (eds) Increased Lowland Rice 
Production in the Mekong Region; proceedings of an international workshop held in 
Vientiane, Laos, 30 Oct - 1 Nov. ACIAR, Canberra, pp 169–178 
Serey M, Mom S, Kouch T, Bunna C (2014) Cattle proudction systems in NW Cambodia.  
Sharar MS, Ayub M, Choudhry MA, Rana MA, Amin MMZ (1999) Growth and yield response of 
two cultivars of mungbean (Vigna radiata L.) to various levels of phosphorus.  
Sharma SN, Prasad R (1999) Effects of Sesbania green manuring and mungbean residue 
incorporation of productivity and nitrogen uptake of a rice-wheat cropping system. 
Bioresour Technol 67:171–175. doi: 10.1016/S0960-8524(98)00101-1 
SHARMA SN, PRASAD R (2011) Effect of different sources of phosphorus on summer mungbean 
(Vigna radiata) in alkaline soil of Delhi.  
Sharma SN, Prasad R, Singh S (1995) The role of mungbean residues and Sesbania aculeata green 
manure in the nitrogen economy of rice-wheat cropping system. Plant Soil 172:123–
129. doi: 10.1007/BF00020866 
Singh B, Pandey R (2003) Differences in Root Exudation Among Phosphorus‐Starved Genotypes 
of Maize and Green Gram and Its Relationship with Phosphorus Uptake. J Plant Nutr 
26:2391–2401. doi: 10.1081/PLN-120025467 
Singh G, Jalota SK, Singh Y (2007) Manuring and residue management effects on physical 
properties of a soil under the rice–wheat system in Punjab, India. Soil Tillage Res 94:229–
238. doi: 10.1016/j.still.2006.07.020 
Singh PK, Panigrahi BC, Satapathy KB (1981) Comparative efficiency of Azolla, blue-green algae 
and other organic manures in relation to N and P availability in a flooded rice soil. Plant 
Soil 62:35–44. doi: 10.1007/BF02205023 
Smithson PC, Giller KE (2002) Appropriate farm management practices for alleviating N and P 
deficiencies in low-nutrient soils of the tropics. In: Adu-Gyamfi JJ (ed) Food Security in 
Nutrient-Stressed Environments: Exploiting Plants’ Genetic Capabilities. Springer 
Netherlands, pp 277–288 
Suriyakup P, Polthanee A, Pannangpetch K, Katawatin R, Mouret JC, Clermont DC (2007) 
Introducing mungbean as a preceding crop to enhance nitrogen uptake and yield of 
rainfed rice in the north-east of Thailand. Aust J Agric Res 58:1059–1067. 
Tiessen H, Cuevas E, Chacon P (1994) The role of soil organic matter in sustaining soil fertility. 
Nature 371:783–785. doi: 10.1038/371783a0 
Tong C, Xiao H, Tang G, Wang H, Huang T, Xia H, Keith SJ, Li Y, Liu S, Wu J (2009) Long-term 
fertilizer effects on organic carbon and total nitrogen and coupling relationships of C 





Toomsan B, Cadisch G, Srichantawong M, Thongsodsaeng C, Giller KE, Limpinuntana V (2000) 
Biological N2 fixation and residual N benefit of pre-rice leguminous crops and green 
manures. NJAS - Wagening J Life Sci 48:19–29. doi: 10.1016/S1573-5214(00)80002-0 
Tran TM, Bui HH, Luxhøi J, Jensen LS (2012) Application rate and composting method affect the 
immediate and residual manure fertilizer value in a maize–rice–rice–maize cropping 
sequence on a degraded soil in northern Vietnam. Soil Sci Plant Nutr 58:206–223. doi: 
10.1080/00380768.2012.661692 
Unkovich M (2008) Measuring plant-associated nitrogen fixation in agricultural systems. ACIAR 
Monograph, Canberra, ACT 
Ventura W, Watanabe I (1993) Green manure production of Azolla microphylla and Sesbania 
rostrata and their long-term effects on rice yields and soil fertility. Biol Fertil Soils 
15:241–248. doi: 10.1007/BF00337207 
Wade LJ, Amarante ST, Olea A, Harnpichitvitaya D, Naklang K, Wihardjaka A, Sengar SS, Mazid 
MA, Singh G, McLaren CG (1999a) Nutrient requirements in rainfed lowland rice. Field 
Crops Res 64:91–107. doi: 10.1016/S0378-4290(99)00053-2 
Wade LJ, Fukai S, Samson BK, Ali A, Mazid MA (1999b) Rainfed lowland rice: physical 
environment and cultivar requirements. Field Crops Res 64:3–12. doi: 10.1016/S0378-
4290(99)00047-7 
Walley FL, Kyei-Boahen S, Hnatowich G, Stevenson C (2005) Nitrogen and phosphorus fertility 
management for desi and kabuli chickpea. Can J Plant Sci 85:73–79. doi: 10.4141/P04-
039 
Webber HA, Madramootoo CA, Bourgault M, Horst MG, Stulina G, Smith DL (2006) Water use 
efficiency of common bean and green gram grown using alternate furrow and deficit 
irrigation. Agric Water Manag 86:259–268. doi: 10.1016/j.agwat.2006.05.012 
White P, Dobermann A, Oberthür T, Ros C (2000) The rice soils of Cambodia. I. Soil classification 
for agronomists using the Cambodian Agronomic Soil Classification system. Soil Use 
Manag 16:12–19. doi: 10.1111/j.1475-2743.2000.tb00164.x 
White PF, Oberthür T, Sovuthy P (1997) The Soils Used for Rice Production in Cambodia: A 
Manual for Their Identification and Management. Int. Rice Res. Inst. 
Whitmore AP, Cadisch G, Toomsan B, Limpinuntana V, Van Noordwijik M, Purnomosidhi (2000) 
An analysis of the economic values of novel cropping systems in N. E. Thailand and S. 
Sumatra. NJAS - Wagening J Life Sci 48:105–114. doi: 10.1016/S1573-5214(00)80008-1 
Willett IR (1995) Role of organic matter in controlling chemical properties and fertility of sandy 
soils used for lowland rice in northeast Thailand. In: Lefroy, R.D.B., Blair, G.J., Craswell, 
E.T. (ed) Soil Organic Matter Management For Sustainable Agriculture. ACIAR Proc. No. 
56, A workshop held in Ubon, thailand, 24-26 August 1994, p 163 
Wortmann CS, McIntyre BD, Kaizzi CK (2000) Annual soil improving legumes: agronomic 
effectiveness, nutrient uptake, nitrogen fixation and water use. Field Crops Res 68:75–




Yadav RL, Dwivedi BS, Prasad K, et al (2000) Yield trends, and changes in soil organic-C and 
available NPK in a long-term rice–wheat system under integrated use of manures and 
fertilisers. Field Crops Res 68:219–246. doi: 10.1016/S0378-4290(00)00126-X 
Yaduvanshi NPS (2003) Substitution of inorganic fertilizers by organic manures and the effect on 
soil fertility in a ricewheat rotation on reclaimed sodic soil in India. J Agric Sci 140:161–
168. doi: 10.1017/S0021859603002934 
Yan D, Wang D, Yang L (2007) Long-term effect of chemical fertilizer, straw, and manure on labile 
organic matter fractions in a paddy soil. Biol Fertil Soils 44:93–101. doi: 10.1007/s00374-
007-0183-0 
Yang C, Yang L, Ouyang Z (2005) Organic carbon and its fractions in paddy soil as affected by 
different nutrient and water regimes. Geoderma 124:133–142. doi: 
10.1016/j.geoderma.2004.04.008 
Zhang M, He Z (2004) Long-term changes in organic carbon and nutrients of an Ultisol under rice 
cropping in southeast China. Geoderma 118:167–179. doi: 10.1016/S0016-
7061(03)00191-5 
Zhang YS, Werner W, Scherer HW, Sun X (1994) Effect of organic manure on organic phosphorus 
fractions in two paddy soils. Biol Fertil Soils 17:64–68. 
Zia MS, Munsif M, Aslam M, Gill MA (1992) Integrated use of organic manures and inorganic 
fertilizers for the cultivation of lowland rice in Pakistan. Soil Sci Plant Nutr 38:331–338. 
doi: 10.1080/00380768.1992.10416497 
 
 
 
  
